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Abstract 
 
Asymmetric nitrene transfer reactions via metalloradical catalysis (MRC) with 
azides has attracted research interest because of its fundamental and practical importance. 
The resulting nitrogen-containing units are recurrent motifs in biologically important 
molecules and can serve as versatile precursors in organic synthesis.  
The [Co(D2-Por*)] have emerged as a new class of catalysts for asymmetric 
aziridination and C–H amination. These metalloradical catalysts have been shown to be 
highly effective for the asymmetric intermolecular aziridination of a broad scope of 
substrates with different classes of azides with excellent to good enantioselectivity. The 
intramolecular C–H amination utilizing various azides can allow for the construction of 
diverse nitrogen containing heterocyclic compounds.  
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Chapter 1 
Recent Developments of Transition Metal-Catalyzed Nitrene Transfer 
Reactions with Azides  
1.1. Introduction 
Organic compounds are fundamentally framed in a carbon-hydrogen skeleton, but 
the functionalities usually depend on the carbon-heteroatom bonds.1 The direct and 
effective construction of carbon-heteroatom bonds formed with selective control has 
advanced as the preferred methodology for the syntheses and discovery of important 
organic molecules. Not only does this methodology give access to a wide range of 
naturally occurring compounds, but it can also realize further transformations directly 
from ubiquitous C–H and C=C bonds under inherently green, mild conditions. The 
development of such methodologies can facilitate the formation of amines, amides, or 
aziridines. Based on current research, this chapter intends to provide an overview of the 
most recent developments of olefin aziridination and C–H amination processes via 
transition metal catalyzed nitrene transfer reactions with azides. 
1.2. Different Types of Metal Nitrene Complexes 
Azides, such as aryl, sulfonyl, phosphoryl, carbonyl and alkyl azides, can serve as 
nitrene sources in the presence of complementary organometallic complexes without the 
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need of additives to generate environmentally friendly nitrogen gas as the only by 
product. The synthetic ease by which various azides can be produced gives an advantage 
to the development of metallonitrene chemistry by broadening the scope of nitrogen 
substituents possible and bridging the connections between carbons and heteroatoms 
through nitrogen group transfers. Several reviews primarily focus on the development of 
metal-catalyzed N-atom transfer reactions of azides. For example, Driver’s latest review 
summarized the common reactions involving sulfimination, inter- and intramolecular    
C–H amination, and aziridination.2 To this end, C–N bond formations which utilize 
azides as the nitrene source have attracted great attention. 
Recently, the utility of transition metal mediated atom and group transfer 
chemistry has fascinated many chemists due to the ubiquitous existence of C=C and C–H 
bonds. Comparatively, traditional thermal- and photochemical N-atom or group transfer 
reactions lack selectivity and efficiency. The decomposition of azides by organometallic 
complexes provides a direct pathway under mild conditions to generate new C–N bonds 
or heterocycles with controlled selectivity and reactivity. Since many organic compounds 
have C=C and C–H bonds, the major focus of this research has been selective C–H 
amination and olefin aziridination reactions catalyzed by organometallic complexes 
involving metallonitrene intermediates. 
1.2.1 Copper-Based Nitrenes 
Based on Kwart and Khan’s continual work since 1967, copper powder was 
investigated for the decomposition of benzenesulfonyl azides in the presence of 
cyclohexene.3 Among the compounds that were isolated and identified, both olefin 
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aziridination and C–H amination were observed as minor products with sulfonamide as 
the major product (Figure 1.1). It is worth noting that the complex mixture of the 
products observed were rationalized using a proposed radical mechanism which lead to 
multiple pathways after the forming of a copper nitrene intermediate. Their work initiated 
the use of azides with transition metals and set the first milestone for copper nitrene 
group transfer reactions. 
 
 
Figure 1.1. Decomposition of Benzenesulfonyl Azide with Copper Powder in the 
Presence of Cyclohexene. 
 
 In 1982, palladium-activated N-group transfer reactions were reported by Migita, 
however the proposed mechanism was quite different from the copper based system.4 The 
transformation of the nitrogen functionality was based on palladium catalyzed 
isomerization of unsaturated bonds, not through direct installation with an azide-
generated metallonitrene intermediate. Concurrently, several other metal complexes were 
investigated for nitrene transfer. For example, (5,10,15,20-tetramesitylporphyrinato) 
Mn(III) has proven capable of forming a nitrene by irradiation activation, however the 
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nitridomanganese(v) porphyrin is needed in stoichiometric amounts as the reaction is not 
catalytic. 5  
The direct decomposition of azides by various metal complexes evolved over time 
while the use of alternative nitrene precursors developed quickly for reactivity and 
selectivity reasons. In 1993, examples of copper-based catalysts using alternative nitrene 
sources were reported concurrently by Evans6 and Jacobsen7. Both Jacobsen’s copper 
diimine C1 and Evans’ copper bis(oxazolines) C2 were found to be suitable catalysts and 
used N-(p-toluenesulfonyl)imino phenyliodinane (PhI=NTs) to promote intermolecular 
aziridination in modest yields and good enantioselectivities (Table 1.1).  
 
Table 1.1. Intermolecular Olefin Aziridination with N-(p-toluenesulfonyl)imino 
phenyliodinane (PhI=NTs) Catalyzed by Copper Chiral Complexes. 
 
 
5 
 
It is interesting that with Evans’ catalyst, the trans olefin gave good to high 
enantioselectivity while Jacobsen’s catalyst generated better yields and selectivities with 
the cis olefin substrates. In Jacobsen’s system, cis olefin substrates were shown to have 
better stereospecificity than trans substrates, although both cis and trans alkenes were 
suitable. However, both systems have diminished enantioselectivity when using the 
mono-substituted olefin, styrene. 
The direct decomposition of azides would offer several benefits over PhI=NTs as 
the nitrene source: 1) no additives are needed; 2) azides are more readily available and 
easier to synthesize than iminoiodinanes; 3) the atom economy is improved since the PhI 
waste is not generated; and 4) the only by-product is nitrogen gas. Unfortunately, similar 
catalytic systems did not generate the same reactivity and selectivity when using azides 
as the nitrene source. Evans used TsN3 in place of PhI=NTs, but only 12% yield was 
generated to give the same product despite expectations that the same metallonitrene 
intermediate should be formed.8 Similar phenomena have also been reported by Lebel’s 
group while investigating intermolecular olefin aziridination and C–H amination (Figure 
1.2). They initially started with N-acyloxyl azide 3 as their target nitrene source, but 
found that “azidoformate 3 was remarkably stable in the presence of various transition 
metal complexes.”9 Instead, they found N-tosyl alkoxycarbamate 5 to be an effective 
nitrene source for the synthesis of desired aziridination and C–H amination products. It is 
worth mentioning that the intermolecular olefin aziridination system not only has the 
advantage of producing easily deprotected N-carbonyl protected aziridines, but also does 
not require use of a terminal oxidant while giving good yields and modest 
enantioselectivities (Figure 1.3).10  
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Figure 1.2. Initial Azide Decomposition Trail with Transition Metal Complexes. 
 
 
Figure 1.3. Copper Bis(oxazolidine) Catalyzed Intermolecular Aziridination with N-tosyl 
Alkoxycarbamate as Nitrene Resource. 
 
1.2.2 Ruthenium-Based Nitrenes 
Compared to copper, ruthenium is still relatively new to the field of metal nitrene 
group transfer reactions. However, Cenini’s group did a lot of mechanistic studies on 
ruthenium nitrene transfer reactions.11 In 2009, the stoichiometric reaction of ArN3 (Ar = 
3,5-(CF3)2C6H3) with Ru(TPP)CO C4 was performed to form Ru(TPP)(NAr)2 12 which 
reacted with cyclohexene to produce the C–H aminated product.12 The mechanistic study 
showed that the active metallonitrene active intermediate species 12 is a ruthenium bis-
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imido porphyrin complex (Figure 1.4) which was isolated and proven with a X-ray 
structure.  
 
 Figure 1.4. Ruthenium(TPP) Bis-imido Nitrene Intermediate. 
 
Ru(TPP) divalent nitrogen was used for intermolecular aziridination reactions and 
good yields were obtained with terminal styrenes and conjugated olefins (Figure 1.5).13 
While di-substituted aziridines were obtained in lower yields, tri- and tetra-substituted 
olefins gave no desired product, revealing that the substrate formation was observed to be 
sterically dependant. An increase in the yield was observed when the aryl azide was 
substituted with an electron withdrawing nitro group in the para-position. However, an 
asymmetric version of the catalytic aziridination of p-nitro aryl azide was not reported to 
have good enantioselectivity.  
 
N
N N
N
Ru
Ph
PhPh
Ph
CO
R
C6H6, reflux, -N2
2 mol% catalyst
R
+ ArN3
Ar = p-nitrophenyl
NAr
C4
13
 
Figure 1.5. Ru(TPP)CO Catalyzed Aziridination Reaction with Aryl Azides.  
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In 2012, Che and coworkers used ruthenium(IV) porphyrin for the catalytic 
phosphoramidation of aldehydes with phosphoryl azides as the nitrene source.14 They 
showed that Ru(TPP)Cl2 C5 has the ability to decompose and successfully transfer the N-
phosphoryl group into the aldehyde C–H bonds (Figure 1.6). Based on the success of this 
system, phosphoramide can be symmetrically synthesized through the direct insertion of 
a nitrene group without the need for strong bases, harsh conditions, or lengthy syntheses 
using traditional methods, for example, the phosphorylation or coupling of 
phosphoramidites with amides. 
 
 
Figure 1.6. Ru(TPP)Cl2 Catalyzed Aldehyde C–H Insertion with Phosphoryl Azides.  
 
After ruthenium metal complexes were proven to be active for the decomposition 
of azides, research focuses moved toward transformations with selectivity control. 
Katsuki’s chiral ruthenium salen complexes worked with most sulfonyl azides including 
N-tosyl (p-toluenesulfonyl), N-nosyl (nitrobenzenesulfonyl), and N-SES (2-
(trimethylsilyl)ethanesulfonyl) azides for intermolecular asymmetric olefin 
aziridination.15 In 2012, they reported a dramatic improvement in substrate scope and  
enantioselectivity of aziridination reactions catalyzed by an improved ruthenium salen 
complex, C6.15c During their work with olefin aziridination reaction using N-tosyl azide 
as the nitrene source, they were able to crystallize compound C7. The X-ray structure 
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showed the meta carbon on the 2” position sat in close proximity to the ruthenium nitrene 
catalytic performance center.16  Based on this knowledge, they designed more robust 
ligands with targeted modifications around the 2” position to prevent the potential 
amination of the catalyst and to enhance the stability of catalyst while catalyzing 
aziridination reactions with olefins. Consequently, improvements in the reaction substrate 
scope, yields, and selectivities resulted from the salen ligand catalyst design which 
introduced a C–F* antiorbital interaction on the aryl group at the 2” position (Figure 1.7).  
 
 
Figure 1.7. Chiral Ruthenium Salen Complexes in the Use of Olefin Aziridination 
Reaction with Sulfonyl Azides. 
 
In this case, modification to the catalyst’s design and synthesis led to reactivity 
and selectivity improvements and has played an important role in Katsuki’s metal 
mediated nitrene group transfer reactions. Continued research in this area, especially the 
study and development of new ligand induced selectivity and reactivity, has broadened 
the substrate scope. In order to push metal mediated nitrene transfer reactions to a high-
end methodology, an understanding of the ligands’ environment and characteristics is 
essential and could potentially be used to direct future catalytic behaviors. 
10 
 
1.2.3 Cobalt-Based Nitrenes 
Although cobalt was previously only explored in parallel with the ruthenium 
metal complexes for the nitrene group transfer reactions, cobalt metal complexes quickly 
rose as one of the new and most attractive metal complexes after Cenini’s initial study in 
1999. Cenini and coworkers researched cobalt for its use in the catalytic decomposition 
of p-nitrophenyl azide for olefin aziridination and C–H bond amination.11,17 Concurrently, 
the Zhang group demonstrated that cobalt porphyrins, just like ruthenium porphyrins, 
could decompose many kinds of azides unlike complexes of most other metals.18 Since 
then, a growing library of cobalt complexes have been systematically studied due to the 
less expensive nature of cobalt metal and the unique reactivity of the cobalt nitrene 
species. Zhang and coworkers further demonstrated that the cobalt(II) porphyrin 
complexes are general and efficient catalysts for enantioselective aziridination reactions.  
During a study of an intermolecular C–H amination with phosphoryl azides, a 
series of porphyrin ligands were designed and synthesized with different steric and 
electronic characteristics. Different ligand environments resulted in different reactivities 
and efficiencies toward the product formation. This effect was further tested by a set of 
six cobalt(II) D2-symmetric chiral porphyrin complexes, Co[P1-6], which were 
synthesized and systematically studied for efficacy and selectivity in olefin aziridination 
reactions with 2,2,2-Trichloroethanesulfonyl azide (TcesN3) or diphenylphosphoryl azide 
(DPPA).19 These ligands have amido side chains with potential hydrogen bonding sites 
which can further stabilize the nitrene and provide suitable steric and electronic 
interactions to improve the selectivity of the cobalt metal nitrene intermediate. Ligand 
design also solved the long-standing problem of activating the decomposition of the 
11 
 
relatively stable azide reagents. The cobalt(II) porphyrin system proved to be a successful 
platform to catalyze nitrene transfer aziridination and C–H amination reactions. Excellent 
yields were routinely obtained for most aziridine products making this novel catalyst tool 
box one of the most general available for aziridination. Detailed mechanistic studies 
revealed the existence of a nitrene radical which is responsible for the high reactivities 
observed for the cobalt(II) porphyrin catalyzed olefin aziridination system. 18f,20 
 
 
Figure 1.8. The Initial Group of Six Chiral Cobalt(II) Porphyrin Complexes. 
 
1.3. The Mechanisms of Metalloradical Catalysis (MRC) 
The mechanisms of intramolecular C–H amination and olefin aziridination with 
azides are proposed to proceed via a metallonitrene radical intermediate. Currently, there 
are two general proposed mechanisms for transition metal catalyzed nitrene transfer 
reactions: 1) a concerted asynchronous mechanism; 2) a stepwise radical mechanism. 
12 
 
Based on research results and related computational calculations, the well accepted 
stepwise metallonitrene radical mechanism is the best suited to explain the reactivity of 
the cobalt(II) porphyrin complexes.  
The proposed catalytic group transfer system’s initiation step is the formation of 
the metallonitrene radical intermediate. For example, the intermolecular olefin 
aziridination reaction with sulfonyl azide (Figure 1.9) proceeds via the loss of nitrogen 
gas, which is a strong exergonic process (-21.8 kcal/mol) to generate the cobalt nitrene 
metalloradical. Additional evidence that coincides with the experimental results for 
intermolecular aziridination18e are the recent computational calculations which support a 
significantly lower transition state energy barrier (lowered from +23 to +21 kcal/mol) 
resulting from the formation of hydrogen bonding which stabilizes the nitrene 
intermediate.20b  
 
N3
N2
Co(Por)
N
(Por)Co
R1
Co(Por)
N
R
R1
N
R
R1
Nitrene Radical-carbon Radical
Cobalt Radical
Radical
Addition
Radical
Substitution
R1
R
 
Figure 1.9. Proposed Co(II)-Based Stepwise Aziridination Radical Mechanism. 
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Through density function theory (DFT) calculations, a “nitrogen centered” nitrene 
radical was inferred versus the classically supported formation of a “metal centered” Ru, 
Fe21, Co22, Cu23, Mn24, and Ni25 metallonitrene. The catalytic cycle continues as the 
metallonitrene undergoes radical addition with alkenes to form a new    γ-carbon radical. 
The final step of the catalytic cycle is radical substitution to regenerate the cobalt radical 
and release the desired aziridine ring-closed product.  
If this catalytic process occurs in the presence of readily available C–H bonds 
(Figure 1.10), then after creating the metallonitrene radical it will proceed via a hydrogen 
abstraction step to generate a new carbon radical. Finally, radical substitution affords the 
desired nitrogen containing heterocyclic, amine, or amide C–H amination product.  
 
 
Figure 1.10. Proposed Co(II)-Based Stepwise C–H Amination Radical Mechanism. 
14 
 
 
These metallonitrene radicals possess a unique reaction reactivity profile as 
compared to the classical nitrene via concerted mechanism. This extraordinary process 
allows for the more challenging aziridination of electron-deficient olefins and the C–H 
amination with primary C–H bonds.  
1.4. Summary 
Considering both the importance of the products which can be formed through   
C–H amination and aziridination as well as the ability to directly functionalize ubiquitous 
C–H or C=C bonds into nitrogen containing units, the metalloradical catalytic reaction 
with azides has advanced as an effective tool for synthetic chemists (Figure 1.11).  
 
 
Figure 1.11. Simple Hydrocarbons and Olefin Compounds Transferred into Diverse 
Array of Products. 
15 
 
 
Developments in metal mediated nitrogen group transfer reactions of different 
metal complexes have resulted in greater understandings of these mechanisms and have 
facilitated the improvements in current systems in terms of reactivity and selectivity 
achieved through ligand design. These metal catalyzed nitrogen group transfer reactions 
with azides have broadened the methodologies available for building the new, more 
complex structures starting with simple and readily available hydrocarbon and olefin 
frameworks.  
Future developments in metallonitrene reactions will aim to further control the 
diverse outcomes possible and produce products in high yields with tunable selectivities. 
Ultimately, a tool box of catalysts will be generated that can mimic enzymes found in 
nature to produce a vast array of products selectively by providing a complementary 
multi-functionalized catalytic environment. 
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Chapter 2 
Asymmetric Intermolecular Olefin Aziridination with                                            
2,2,2-Trichloroethoxycarbonyl Azide (TrocN3) via Cobalt(II)-Based     
Metalloradical Catalysis (MRC)  
2.1. Introduction 
Aziridines are highly strained, nitrogen containing three-membered cyclic 
structures. They are found as key units in either natural or synthetic antitumor and 
antibacterial compounds, such as madurastatin A, azicemicin A, and carzinophilin. In fact, 
fifteen out of sixteen compounds in the mitomycin family have demonstrated important 
biological activities due to the presence of the aziridine unit which potentially has a 
mechanism of action related to DNA linkage creation (Figure 2.1). Therefore, the direct 
synthesis of aziridines has attracted an increasing number of chemists due to their 
biological importance.1  
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Figure 2.1. Important Natural Products that Contain an Aziridine Unit. 
 
Chiral aziridines, which feature inherent ring strain (around 27 kcal/mol), have 
multiple functionalities packed into small heterocyclic skeletons to allow for the 
construction of various chiral-enriched derivatives (Figure 2.2) through ring openings, 
lithiations, ring expansions, and 3+2 additions.2  
 
 
Figure 2.2. Chiral Aziridines as Important Chiral Building Blocks. 
21 
 
Enantiomerically pure aziridines have advanced as powerful synthons for the 
construction of chiral centers in many biologically active, naturally occurring, and 
pharmaceutically important compounds. Nevertheless, the amount of research focused on 
asymmetric aziridination is significantly less developed than its analogous oxygen 
counterpart, asymmetric epoxidation.1,3 There is still considerable potential and a great 
need for continued research and investigation of both chiral aziridinations and their 
derivatives. Routine asymmetric synthetic methods usually involve cyclization of chiral 
alcohols or their chemical equivalents. Alternatively, catalytic asymmetric synthesis has 
several advantages over these traditional methods and has been targeted as an important 
research interest.  
As a result, there are several methods that have been developed for the formation 
of chiral N-sulfonyl1,4, N-phosphoryl5, N-acyl6, N-aryl7 and N-alkyl8 aziridines from 
various substrates (Figure 2.3). For example, The Aggarwal group3,9 has used chiral 
sulfonium ylides and the Wulff group8,10 has used diazo compounds with imines as the 
nitrogen source. Both methodologies have generated a broad array of products in good to 
excellent yields and good to high diastereoselectivities. However, these methods were 
limited by the imine synthetic scope, and further improvements were done by Wulff’s 
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group using multiple components in a one pot fashion including aldehyde, amine, and 
diazo compounds catalyzed by chiral Brønsted acid.10c 
 
 
Figure 2.3. Multi-functionalized Aziridines Give Access to Important Chiral Derivatives. 
 
Direct construction of aziridines from reacting readily available alkenes with 
nitrene sources catalyzed by chiral complexes can be considered a short cut from 
previous procedures requiring the union of three or more starting materials (aldehyde, 
amine, and diazo) with catalyst. To achieve these goals, in 1993, the Jacobsen and Evans 
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groups pioneered iminoiodinanes as being a suitable nitrene source and generated chiral 
aziridines in good enantioselectivities (Table 1.1).11 To avoid the hypervalent 
characteristics, the preparation difficulties, and the short shelf life of iminoiodinanes as a 
nitrene source, the in situ oxidative decomposition of amines and amides were presented 
as a more efficient alternative for generating the nitrene. However, the long term problem 
of purification of the desired product from the phenyliodide by-product as well as the 
basic and harsh oxidative reaction conditions still limited the efficiency and 
enantioselectivity of these aziridination reactions.12  
In 2005, Lebel and coworkers started using rhodium and copper complexes for 
the decomposition of azides, but no nitrene was successfully generated.13 However, they 
found an alternative nitrene source, N-tosyloxycarbamates, which could be used for 
intermolecular olefin aziridination without the need of terminal oxidants (see Figure 1.2 
and 1.3). Unfortunately, the enantioselectivity and reactivity still needed improvement.  
In spite of the previous challenges, intermolecular aziridination with azides 
catalyzed by cobalt(II) porphyrin metalloradicals showed great promise.4f,14 In 2006, the 
Zhang group developed a catalytic system that consisted of cobalt(II) 
tetraphenylporphyrin [Co(TPP)] as the catalyst with diphenylphosphoryl azide (DPPA) as 
the nitrene source to allow for the direct synthesis of N-phosphoryl aziridines from C=C 
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bonds with nitrogen gas as the only by-product.5a This study was followed by the use of 
tosyl azide as the nitrene source for the synthesis of N-sulfonyl aziridines.4f However, it 
was found that [Co(TPP)] was not as efficient as of a catalyst when using this new nitrene 
source.  
A hydrogen-bonding interaction in the proposed metal-nitrene intermediate was 
envisioned (Figure 2.4).4f The introduction of an amido unit pointed towards the cobalt 
metal center was established via a palladium catalyzed cross coupling reaction with a 
tetrabrominated porphyrin synthon.15 As a result, the cobalt(II) porphyrin complex, 
[Co(AP1)], was shown to be a highly effective catalyst for the aziridination of a broad 
array of aromatic olefins with various arylsulfonyl azides, which formed the desired 
aziridines in excellent yields under mild conditions (Table 2.1). 
 
 
Figure 2.4. Cobalt Nitrene Radical Intermediate Stabilized with Co(AP1) through 
Potential Hydrogen Bonding. 
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Table 2.1. An Efficient Cobalt Catalyst for Olefin Aziridination with Sulfonyl Azides. 
 
 
  Based on the previous results that indicated an intermediate existed that was 
stabilized by hydrogen bonding, an initial set of cobalt(II) chiral porphyrin D2-symmetric 
complexes [Co(D2-Por*)] with tunable electronic, steric, and chiral environments (Figure 
2.5) were designed and applied to various asymmetric aziridination reactions. The Co(II)-
based metalloradical catalysts have now been shown to be effective for asymmetric 
intermolecular aziridination reactions with both sulfonyl14 and phosphoryl5b azides.  
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Although the substrate scope of phosphoryl azide aziridination is limited to 
styrene derivatives and has modest asymmetric induction, it initiated the first milestone 
of asymmetric aziridination with azides by cobalt(II) porphyrin complexes. This work 
was followed by a new nitrene source which produced a very broad substrate scope 
including styrene derivatives, conjugated dienes and alkyl alkenes for aziridination 
achieved with 2,2,2-trichloroethoxysulfonyl azide (TcesN3). The metalloporphyrin 
complex [Co(P6)], was found to be the optimal catalyst for asymmetric intermolecular 
aziridination with TcesN3 in high yields and excellent enantioselectivities. 
 
 
Figure 2.5. The Initial Group of Six Chiral Cobalt(II) Porphyrin Complexes. 
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However, this method is limited to generating N-sulfonyl or N-phosphoryl 
protected aziridines which are less commonly found in natural compounds and more 
difficult to deprotect than N-carbonyl aziridines. This methodology of olefin aziridination 
with azides, especially toward the direct syntheses of enantiomerically pure N-acyloxy 
terminal aziridines, solves several previous systemic limitations in several ways. 1) The 
intramolecular cyclization of amino alcohols or chemical equivalents have to start with 
chiral synthons, yet cobalt(II) porphyrin catalyzed olefin aziridination uses readily 
available achiral alkenes. 2) The 2-aryl-substituted N-acyloxyl aziridine is important, but 
an extremely sensitive product to acidic conditions. Therefore, it may not be able to 
successfully react via an acid catalyzed Aza-Darzens16 or via a kinetic resolution 
synthetic pathway.17 However, cobalt porphyrin catalyzed aziridination can afford the 
product in high yields, since it uses milder neutral catalytic conditions. 3) Catalytic 
enantioselectivity has been difficult to obtain unless chiral nitrene reagents were involved 
to inductively control diastereoselectivity using reported copper and rhodium salen 
complexes. Therefore, a system with a modular ligand design combined with unique 
metalloradical nitrene transfer character may potentially provide excellent 
enantioselective control. 4) The ease of preparing N-acyloxy azides has been established. 
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5) Aziridines with N-acyloxy groups as protecting units can be easily deprotected or 
remain intact as a functional group prior to further transformation into derivatives.  
Considering the mechanistic similarity between sulfonyl azides and carbonyl 
azides used for intermolecular aziridinations, we postulated that a [Co(D2-Por*)] based 
catalytic system could effectively decompose carbonyl azides with selective control. 
Herein, we report the first direct and highly asymmetric synthesis of aziridination with 
2,2,2-trichloroethoxycarbonyl azide (TrocN3) under mild and neutral conditions. 
2.2. Results and Discussion 
2.2.1 Synthesis of (2,2,2-Trichloroethoxycarbonyl aziridine) 
Since the metalloradical [Co(P1)] catalyst (Table 2.1) was previously shown to be 
efficient for asymmetric intermolecular aziridination with phosphoryl azide,5b it was 
evaluated for its use as a potential catalyst for aziridination with carbonyl azides. 
Although the substrate loading, catalyst loading, solvent and temperature were varied, the 
results led to moderate yields and enantioselectivities. Fortunately, the [Co(D2-Por*)] 
ligand design is highly modular and can be modified both at the meso-aryl group as well 
as the chiral amide parts. The results of this modification led to conditions that provided 
the desired N-acyloxy aziridine in 95% yield, 92% ee (Figure 2.6).  
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Figure 2.6. Compare Intermolecular Aziridination of TrocN3 with [Co(P1)] and [Co(P7)]. 
 
The success of asymmetric aziridination of styrene with Troc azide 2a prompted 
the study of the substrate scope via the metalloradical catalysis (MRC) in more detail. 
Interestingly, the reaction system is very sensitive in terms of temperature. For example, 
olefins with strong electron withdrawing character (–CF3 and –NO2 substituted at para 
position (Table 2.2, entries 5.3 and 6.4)) can react at 0 oC and -5 oC, respectively, 
producing product in high yield with 83-89% enantiomeric excess, while regular styrene 
showed good reactivity at room temperature.  
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Table 2.2. Cobalt Porphyrin Complexes [Co(P7)]-Catalyzed Enantioselective 
Aziridination of Different Alkenes with TrocN3 under Different Reaction Conditions.a 
 
a
 Reactions were carried out using [Co(P7)] under N2 with 1.0 equiv of azide and 5.0 equiv of 
styrene in the presence of 4 Å MS. Concentration: 0.10 mmol azide/mL PhCl. b Isolated yields. c 
Enantiomeric excess determined by chiral HPLC.  
 
The asymmetric reaction of intermolecular olefin aziridination with TrocN3 has a 
broad substrate scope. As summarized in Table 2.3, styrene derivatives bearing 
substituents at different positions with varied electronic properties could also be 
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successfully aziridinated under similar reaction conditions (Table 2.3, entries 1-8). For 
example, the aziridination of styrene derivatives substituted with –CF3, –NO2, and –F 
could productively generate the corresponding N-acyloxy aziridines in up to 99% yields 
and 95% ee.  
Most of the halogenated styrene substrates gave excellent reactivity and 
selectivities. Brominated styrene derivatives substituted at different positions generated 
products quantitatively; however, the enantiomeric excess changed from 93% ee for the 
para-brominated styrene to 85% ee for the ortho-brominated styrene potentially due to 
steric effects.  
As one of the unique catalytic properties associated with the [Co(Por)]-based 
system, electron deficient olefins, including acrylates, could be used as a substrate. With 
Pd(OAc)2 as an additive, ethyl acrylate afforded the desired product in 83% ee albeit in 
lower yield (Table 2.3, entry 11). Additionally, a more challenging non-aromatic 
substrate (Table 2.3, entry 10) containing a conjugated olefin could also be successfully 
converted into the desired aziridine in good yield (91%), however it was generated with 
relatively lower enantioselectivity. 
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Table 2.3. The Substrate Scope of Cobalt Porphyrin Complexes [Co(P7)]-Catalyzed by 
Intermolecular Enantioselective Aziridination.a 
 
a
 Reactions were carried out using 2 mol % [Co(P7)] under N2 with 1.0 equiv of azide and 5.0 
equiv of styrene in the presence of 4 Å MS. Concentration: 0.10 mmol azide/mL PhCl. b Isolated 
yields. c Enantiomeric excess determined by chiral HPLC. d 5 mol% Pd(OAc)2 added. e Sign of 
optical rotation. 
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The N-Troc-aziridines produced by the asymmetric catalytic [Co(Por)] 
aziridinations could be easily deprotected based upon literature18 reported methods to 
produce enantiomerically-retained chiral-enriched unprotected aziridines in high yields 
(Scheme 2.1). 
 
Scheme 2.1. The Deprotection of N-acyloxyl Aziridine.a 
 
 
2.2.2 Synthesis of α-amino Amides 
Like other N-acyloxyl aziridines, the N-Troc-aziridines were readily reactive 
towards different nucleophiles catalyzed by Lewis acids (Scheme 2.2). The proposed 
SN2-like ring opening mechanism is the key reason for the partially decreased 
enantiomeric excess of the enantiomerically pure aziridine starting materials. Therefore, 
the outcome of the reactivities and selectivities could be optimized by using different 
Lewis acid in the future. 
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Scheme 2.2. Synthesis of Chiral α-amino Derivatives. 
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a
 Isolated yield; b Enantiomeric excess determined by chiral HPLC. 
 
2.3. Experimental Section 
General Considerations. All aziridination reactions were carried out under a 
nitrogen atmosphere in oven-dried glassware following standard Schlenk techniques. 
PhCl was distilled under nitrogen from calcium hydride, and other reagents were directly 
purchased from Aldrich. Thin layer chromatography was performed on Merck TLC 
plates (silica gel 60 F254). Flash column chromatography was performed with Sorbent 
Technologies silica gel (60 Å, 230-400 mesh, 32-63 µm). Proton and carbon nuclear 
magnetic resonance spectra (1H NMR and 13C NMR) were recorded on a Varian 
Inova400 (400 MHz) or UnityInova 600 (600 MHz) instrument with chemical shifts 
reported relative to residual solvent. HPLC measurements were carried out on a 
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Shimadzu HPLC system with Whelk-O1, OD-H, OJ-H, and AD-H columns. GC 
measurements were carried out on a Shimadzu GC-MS system with Chiral GTA and 
Dex-CB column. HRMS data was obtained on an Agilent 1100 LC/MS ESI/TOF mass 
spectrometer with electrospray ionization. 
General Procedure for Aziridination: Catalyst (2 mol %) was placed in an 
oven-dried, resealable Schlenk tube with overnight dried 4Å molecular sieves. The tube 
was capped with a Teflon screwcap, evacuated, and backfilled with nitrogen. The 
screwcap was replaced with a rubber septum. 5.0 equivalents of alkene (0.10 mmol), 1.0 
equivalents of azide 2a (0.10 mmol) and 1.0 mL PhCl was added in order via syringe. 
Schlenk tube was charged with nitrogen again and then capped by teflon screwcap 
instead of rubber septum and stirred at room temperature. Following completion of the 
reaction, the reaction mixture was purified by flash chromatography. The fractions 
containing product were collected and concentrated by rotary evaporation to afford the 
compound. In most cases, the product was visualized on TLC using the cerium 
ammonium molybdate (CAM) stain. 
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2,2,2-trichloroethyl 2-phenylaziridine-1-carboxylate (2aza): 1H NMR (400 MHz, 
CDCl3): δ 2.44 (d, J = 3.71 Hz, 1H), 2.82 (d, J = 6.34 Hz, 1H), 3.63 (dd, J = 6.32, 3.74 
Hz, 1H), 4.80 (AB q, J = 10.94, 8.97, 3.59 Hz, 2H), 7.39-7.30 (m, 5H). 13C NMR (100 
MHz, CDCl3): δ 136.237, 128.560, 128.115, 126.266, 75.414, 39.842, 35.195. HPLC 
analysis: ee  =92%. Whelk (99% hexanes: 1% isopropanol, 1.0 ml/min) tmajor =10.28 min, 
tminor =17.06 min.  
 
 
2,2,2-trichloroethyl 2-(4-nitrophenyl)aziridine-1-carboxylate (2azi): 1H NMR (400 
MHz, CDCl3): δ 2.39 (d, J = 3.52 Hz, 1H), 2.89 (d, J = 6.34 Hz, 1H), 3.69 (dd, J = 6.37, 
3.54 Hz, 1H), 4.78 (AB q, J = 11.93 Hz, 2H), 7.49 (d, J = 8.50 Hz, 2H), 8.20 (d, J = 8.82 
Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 160.905, 147.757, 143.701, 127.119, 123.871, 
94.695, 75.508, 38.709, 35.913. HPLC analysis: ee =83%. Whelk (99% hexanes: 1% 
isopropanol, 1.0 ml/min) tmajor =31.14 min, tminor =24.45 min.  
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2,2,2-trichloroethyl 2-(4-(trifluoromethyl)phenyl)aziridine-1-carboxylate (2aze): 1H 
NMR (400 MHz, CDCl3): δ 2.39 (d, J = 3.62 Hz, 1H), 2.85 (d, J = 6.37 Hz, 1H), 3.65 
(dd, J = 6.29, 3.62 Hz, 1H), 4.78 (AB q, J = 27.62, 11.94 Hz, 2H), 7.43 (d, J = 8.17 Hz, 
2H), 7.60 (d, J = 8.20 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 161.120, 140.378, 
126.602, 125.624, 125.586, 125.548, 94.765, 75.465, 39.049, 35.547. 19F NMR(100 MHz, 
CDCl3) δ -62.657. HPLC analysis: ee =87%. Whelk (99% hexanes: 1% isopropanol, 1.0 
ml/min) tmajor =10.96 min, tminor =8.33 min. HRMS (ESI) ([M+H]+) Calcd. for C17H22O4: 
361.9651, Found: 361.9714. 
 
 
2,2,2-trichloroethyl 2-(4-bromophenyl)aziridine-1-carboxylate (2azd): 1H NMR (400 
MHz, CDCl3): δ 2.36 (d, J = 2.63 Hz, 1H), 2.80 (d, J = 6.27 Hz, 1H), 3.56 (dd, J = 5.72, 
4.03 Hz, 1H), 4.76 (AB q, J = 30.94, 11.90 Hz, 1H), 7.18 (d, J = 7.37 Hz, 1H), 7.46 (d, J 
= 7.05 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 161.211, 135.362, 131.715, 127.942, 
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122.064, 94.814, 75.429, 39.165, 35.291. HPLC analysis: ee =95 %. Whelk (99% 
hexanes: 1% isopropanol, 1.0 ml/min) tmajor =15.96 min, tminor =10.93 min.  
 
 
2,2,2-trichloroethyl 2-(4-chlorophenyl)aziridine-1-carboxylate (2azc): 1H NMR (400 
MHz, CDCl3) δ 2.36 (d, J = 3.68 Hz, 1H), 2.80 (d, J = 6.35 Hz, 1H), 3.57 (dd, J = 6.27, 
3.65 Hz, 1H), 4.77 (AB q, J = 31.77, 11.95 Hz, 2H), 7.24 (d, J = 8.35 Hz, 2H), 7.31 (d, J 
= 8.41 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 128.772, 127.619, 75.434, 39.119, 
35.297. HPLC analysis: ee = 94%. Whelk (99% hexanes: 1% isopropanol, 1.0 ml/min) 
tmajor =14.77 min, tminor =10.19 min.  
 
 
2,2,2-trichloroethyl 2-(4-fluorophenyl)aziridine-1-carboxylate (2azb): 1H NMR (400 
MHz, CDCl3): δ 2.37 (d, J = 3.69 Hz, 1H), 2.79 (d, J = 6.27 Hz, 1H), 3.59 (dd, J = 6.25, 
3.67 Hz, 1H), 4.77 (AB q, J = 33.84, 11.94 Hz, 2H), 7.02 (t, J = 8.60 Hz, 2H), 7.28 (dd, 
J = 8.63, 5.39 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 161.380, 132.039,128.020, 
115.663, 115.447, 94.847, 75.43, 39.184, 35.200. 19F NMR(400 MHz) δ -113.915 HPLC 
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analysis: ee =95%. Whelk (99% hexanes: 1% isopropanol, 1.0 ml/min) : tmajor =13.31 min, 
tminor =9.48 min. 
 
 
2,2,2-trichloroethyl 2-(2-bromophenyl)aziridine-1-carboxylate (2azd): 1H NMR (400 
MHz, CDCl3): δ 2.29 (d, J = 3.54 Hz, 1H), 2.89 (d, J = 6.44 Hz, 1H), 3.85 (dd, J = 6.36, 
3.67 Hz, 1H), 4.81 (s, 2H), 7.18 (t, J = 7.66 Hz, 1H), 7.32 (t, J = 7.53 Hz, 1H), 7.40 (d, J 
= 7.71 Hz, 1H), 7.56 (d, J = 7.98 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 161.431, 
135.918, 132.329, 129.408, 127.717, 127.657, 123.168, 94.812, 75.492, 40.105, 35.269. 
HPLC analysis: ee  =93 %. Whelk (99% hexanes: 1% isopropanol, 1.0 ml/min) tmajor 
=9.41 min, tminor =7.76 min. HRMS (ESI) ([M+H]+) Calcd. for C11H9BrCl3NO2: 371.8882, 
Found: 371.8943. 
 
 
2,2,2-trichloroethyl 2-(3-bromophenyl)aziridine-1-carboxylate (2azg): 1H NMR (400 
MHz, CDCl3): δ 2.37 (d, J = 3.60 Hz, 1H), 2.80 (d, J = 6.29 Hz, 1H), 3.57 (dd, J = 6.40, 
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3.68 Hz, 1H), 4.77 (AB q, J = 34.16, 11.93 Hz, 2H), 7.32-7.15 (m, 3H), 7.51-7.38 (m, 
2H). 13C NMR (100 MHz, CDCl3): δ 161.145, 138.645, 131.234, 130.119, 129.251, 
125.008, 122.727, 94.788, 75.449, 38.941, 35.405. HPLC analysis: ee = 87%. Whelk 
(99% hexanes: 1% isopropanol, 1.0 ml/min) tmajor =18.64 min, tminor =10.38 min. HRMS 
(ESI) ([M+H]+) Calcd. for C11H9BrCl3NO2: 371.8882, Found: 371.8945. 
 
N O
O
CCl3
NO2  
2,2,2-trichloroethyl 2-(3-nitrophenyl)aziridine-1-carboxylate (2azf): 1H NMR (400 
MHz, CDCl3): δ 2.42 (d, J = 3.58 Hz, 1H), 2.89 (d, J = 6.34 Hz, 1H), 3.70 (dd, J = 6.35, 
3.60 Hz, 1H), 4.79 (AB q, J = 11.91 Hz, 2H), 7.53 (t, J = 7.91 Hz, 1H), 7.66 (d, J = 7.85 
Hz, 1H), 8.17 (td, J = 10.25, 2.06 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 160.932, 
148.509, 138.670, 132.333, 129.659, 123.103, 121.373, 94.702, 75.517, 38.610, 35.674. 
HPLC analysis: ee =86 %. Whelk (99% hexanes: 1% isopropanol, 1.0 ml/min): tmajor 
=36.76 min, tminor =24.95min. HRMS (ESI) ([M+H]+) Calcd. for C11H9Cl3N2O4: 338.9628, 
Found: 338.9698. 
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(E)-2,2,2-trichloroethyl 2-(3-ethoxy-3-oxoprop-1-en-1-yl)aziridine-1-carboxylate 
(2azk): 1H NMR (400 MHz, CDCl3): δ 1.28 (dd, J = 10.94, 3.54 Hz, 4H), 2.36 (d, J = 
3.49 Hz, 1H), 2.71 (d, J = 6.01 Hz, 1H), 3.21 (ddd, J = 7.69, 6.02, 3.49 Hz, 1H), 4.20 (q, 
J = 7.14 Hz, 2H), 4.77 (s, 2H), 6.20 (d, J = 15.56 Hz, 1H), 6.59 (dd, J = 15.56, 7.75 Hz, 
1H). 13C NMR (100 MHz, CDCl3): δ 142.82, 125.05, 75.46, 60.67, 37.69, 33.70, 14.17. 
HPLC analysis: ee =30 %. Whelk (99% hexanes: 1% isopropanol, 1.0 ml/min): tmajor 
=34.01 min, tminor =24.86 min. HRMS (ESI) ([M+H]+) Calcd. for C10H12 Cl3NO4: 
315.9905, Found: 315.9910. 
 
 
2-ethyl 1-(2,2,2-trichloroethyl) aziridine-1,2-dicarboxylate (2azl): 1H NMR (400 MHz, 
CDCl3): δ 1.33 (t, J = 8.53, 6.93,3H), 2.59 (dd, J = 5.29, 1.20 Hz, 1H), 2.71 (dd, J = 3.22, 
1.24 Hz, 1H), 3.23 (dd, J = 5.27, 3.21 Hz, 1H), 4.35-4.25 (m, 2H), 4.77 (dd, J = 62.69, 
11.84 Hz, 2H) . GC analysis: ee  = 83 %. CP-Chirasil-Dex CB (Temp program: initial 
temp = 50° C, hold time = 5 min, Rate: 3.00° C/min, max temp =200° C, hold time= 5 
min) tminor = 30.13 min, tmajor = 30.00 min.  
 
42 
 
2.4. Conclusions 
In summary, we have developed a highly effective and enantioselective intermolecular 
olefin aziridination system that will lead to the wide use of catalytic group transfer 
reactions. In addition the further transformation of produced N-Troc-aziridine is able 
further transformed to various chiral compounds. 
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Chapter 3 
Asymmetric Intermolecular Olefin Aziridination with Sulfonyl Azides via  
Co(II)-Based Metalloradical Catalysis (MRC)  
3.1. Introduction 
Aziridines, the smallest azaheterocyclic rings, play an important role in organic 
chemistry, and are classified according to the N-substituted protecting group.1 The 
different combinations of substituent groups located on the N1, C1, and C2 position of 
the three membered ring build a diversified library of aziridine structures both 
electronically and sterically.  
Therefore, aziridines have a variety of applications and are found as key units in 
many naturally occurring compounds and biologically important molecules.2 Aziridines 
can be selectively modified at all these positions making them powerful synthons.3 The 
diversity of these aziridines can be accessed through the use of different N-protected 
aziridine structure which can broaden the synthetic alternatives possible.4 Among these 
protected aziridines, the N-sulfonyl group has already been recognized as being 
synthetically versatile.1,3,4h Due to their importance, several methodologies quickly 
developed to fully utilize this class of aziridines1 as shown in Figure 3.1.  
 
47 
 
R2
NR1
R1 = SO2pC6H4NO2, SO2CH2CH2Si(Me)3
R1
N R2
R3
X
X
R3
R2
NHR1
R3R2
R3
NR1
 
Figure 3.1. Different Methods toward the Construction of N-sulfonyl Aziridines. 
 
The methods of aziridine construction can be categorized into 3 main pathways: 1) 
via intramolecular substitution reaction with chiral auxiliaries; 2) via carbene transfer to 
imines; 5 3) via nitrene transfer to olefins using chiral catalysts. 6, 7,7a 
Cobalt porphyrins have been shown to effectively catalyze the aziridination of 
olefins using azides as the nitrene source (Figure 3.2).7a  
 
 
Figure 3.2. Cobalt Porphyrin Catalyzed Aziridination of p-Tolylsulfonylazide. 
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The first porphyrin ligand explored was cobalt tetraphenylporphyrin [Co(TPP)], 
which generated the aziridinated product in 18% yield from styrene with p-
tolylsulfonylazide. Compared with Co(TPP), the cobalt amido porphyrin [Co(3,5-DitBu-
IBuPhyrin)] showed superior catalytic ability with p-tolylsulfonylazide, generating the 
aziridinated product in 94% yield. 
With the recent developments in nitrene chemistry, catalytic asymmetric 
aziridination with sulfonyl azides has advanced as a powerful tool for the generation of 
important N-sulfonyl aziridines. Recent advances have broadened the substrate scope, 
although studies to optimize the reactivity and selectivity are still ongoing (see Figure 
3.3). 1,5e The unique system that uses the cobalt(II)-based D2-symmetric chiral porphyrin 
has shown great promise for C–H amination and olefin aziridination with sulfonyl azides.  
 
 
Figure 3.3. Expected Catalytic System of Sulfonyl Azide Olefin Aziridination with 
Array of Azides. 
 
In the studies by Zhang and de Bruin on the cobalt(II) carbene and nitrene radical 
chemistry (Figure 3.4), DFT calculations support the hypothesis that the reaction of olefin 
aziridination proceeds through a key cobalt supported nitrogen radical intermediate.8 
These computations (DFT) indicated a one-electron reduced ‘nitrene radical’ where the 
partial negative charge build up occurs on the nitrogen should be lower energy and more 
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stable than that calculated for cobalt bridged nitrenes or bisnitrenes. This suggested that it 
is mechanistically different than Che and Abu-Omar’s previously reported Ru and Mn 
bisnitrene systems (see chapter 1).  
 
 
Figure 3.4. Calculated Cobalt(II) Porphyrin Metalloradical Mechanism System of 
Aziridination with Sulfonyl Azide. 
 
In the presence of styrene, the reaction proceeds via a radical addition pathway to 
generate a γ-alkyl radical intermediate which readily collapses in an almost barrierless 
ring closure reaction to form the aziridine. DFT calculations support that the addition of 
the ‘nitrene radical’ to the olefin proceeds with a similar barrier as it generates the 
metallonitrene transition state. The DFT calculations also confirmed the formation of and 
stabilization by the amido porphyrin to the oxygen of the sulfonyl nitrene (Figure 3.5). 
Also supported by the computer calculation model that fit the proposed 
mechanistic and kinetic information, the DFT calculations also confirmed the observation 
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that the cobalt amido porphyrin improved performance through H–bonding as compared 
with results using Co(TPP). Other azides, including additional sulfonyl azides, should be 
potential nitrene sources for catalytic aziridination with olefins having intermediates 
stabilized through cobalt amido porphyrin hydrogen bonding. 
 
 
Figure 3.5. Proposed Cobalt(II) Porphyrin Hydrogen Bonding through Amide N–H Bond. 
 
 
Figure 3.6. Proposed Cobalt(II) Porphyrin Metalloradical Mechanism System of 
Aziridination with Sulfonyl Azide. 
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Modular steric and electronic modifications to diversify the porphyrin ligand’s 
chiral pocket environments can utilize a tool box of ligand design elements to optimize 
reactivity and selectivity. As shown in Figure 3.6, via the combination of these unique 
cobalt(II) porphyrin metalloradical mechanism and H–bonding functionalized system, it 
could allow for the efficient transformation of aziridines with sulfonyl azides.  
 
3.2. Results and Discussion 
Among this family of ([Co(Por*)]), a group of six9 derivatives (Figures 3.7) 
which possess diverse electronic, steric, and chiral environments were evaluated as 
potential catalysts for asymmetric aziridination of styrene with sulfonyl azides.  
 
 
Figure 3.7. The Initial Group of Six Chiral Cobalt(II) Porphyrin Complexes. 
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As the results demonstrated in Table 3.1, there exists a significant dependence of 
catalytic selectivity on the bulky nature of amido unit on the ligand, yet reactivity 
decreased as the sterics on the non-chiral portion of the ligand increased.  
For example, employing [Co(P1)] as the catalyst, the aziridine process proceeded 
efficiently with moderate enantioselectivity (Table 3.1, entry 1). The reaction time of 
aziridination using [Co(P1)] as the catalyst can be reduced to 10 minutes, while it still be 
able to produce quantitative amount of desired aziridine products (Table 3.1, entry 1). 
Using the same chiral environment, [Co(P2)] catalyzed the reaction with lower yield, but 
better enantioselectivity as a result of more steric bulk near the metal center (Table 3.1, 
entries 3). Catalysts that carried the sterics encumbrance further from the metal center, 
[Co(P5)], were able to effectively catalyze the reaction (Table 3.1, entries 6), but with 
lower selectivity.  
Of all the catalysts screened, [Co(P6)] was the best of the initial group of six 
chiral catalysts for the aziridination reaction, although the yield was sacrificed compared 
with using cobalt(II) complex [Co(P1)], which may due to steric hindrance differences. 
In order to obtain higher yield of sulfonyl protected aziridine products, the reaction time 
was extended to 48 hours, and 75% yield is able to be obtained with good enantiomeric 
excess maintained after identifying [Co(P6)] as the most effective catalyst. In order to 
further optimize the reaction system, several solvents were evaluated for their effect on 
the selectivity and efficiency of the aziridination process. Chlorobenzene was selected 
since it correlated with the greatest enantioselectivity (88% ee) and high yield (75% 
yield).  
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Table 3.1. Intramolecular Aziridination via Co(II) Porphyrins with Screen of Solvent.a 
 
Reaction conditions: a Performed at 25 oC for 48 h with 5.0 equiv of styrene and 1.0 equiv of 
azide in the presence 4 Å MS by 2 mol % of catalyst; [substrate] = 0.1 M. b Different Catalyst of 
the initial group of six chiral Co(II) Porphyrins used. c Isolated yield. d Determined by chiral 
HPLC. e Reaction carried out in 10 mins. 
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To improve the catalytic system, additional chiral units were introduced to 
produce another generation of porphyrin ligands in the tool box (Table 3.2). 10 
 
Table 3.2. Intramolecular Aziridination via Different New Generation of Cobalt(II) 
Porphyrin with Sulfonyl Azide.a 
 
Reaction conditions: a Performed at 25 oC for 48 h with 5.0 equiv of styrene and 1.0 equiv of 
azide in the presence 4 Å MS by 2 mol % of catalyst with PhCl as solvent; [substrate] = 0.1 M. b 
Isolated yield. c Determined by chiral HPLC. 
 
 
 
55 
 
Derivatives of the rigid cyclopropane unit found in the Chen amide with increased 
sterics were tested for reactivity and selectivity. Generally, the yields were lower; 
however, the additional chiral center and potential for pi-pi stacking interactions improved 
enantioselectivity in each case over the original Chen amide. With the new Co(3,5-DitBu-
QingPhyrin), the yield and  enantiomeric excess could be to up to 99% and 59% (Table 
3.2, entry 1), but the enantiomeric excess did not exceed the selectivity produced by 
[Co(P6)] as shown in previous.11  
In order to boost the reactivity and maintain the good enantioselectivity generated 
while using [Co(P6)], derivatives that contained various non-chiral units were designed 
and synthesized. Since the same chiral Zhu amide units were fixed, varying the meso 5 
and 15 positions of the porphyrin ligands provided an opportunity to observe the affect of 
sterics and functional groups on reactivity. When the meso 5 and 15 positions were 
hydrogens and the non-chiral sterics were removed, the yield decreased to less than 5% 
(Table 3.3, entry 4). 
Perhaps even more surprising is the choice of non-chiral unit could produce the 
opposite enantiomer in excess. To explain this experimental observation, it has been 
postulated that the intramolecular hydrogen bonding of the Zhu amide chiral unit has less 
control over the preferred enantioselectivity versus the sterics of the non-chiral units.10c 
In contrast, porphyrins that do not exhibit relative stronger intramolecular hydrogen 
bonding have greater ability to influence the preferred enantiomers by enabling 
intermolecular hydrogen bonding.  
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Table 3.3. Intramolecular Aziridination with Different Cobalt(II) Zhu-Porphyrin.a 
 
Reaction conditions: a Performed at 25 oC for 48 h with 5.0 equiv of styrene and 1.0 equiv of 
azide in the presence 4 Å MS by 2 mol % of catalyst with PhCl as solvent; [substrate] = 0.1 M. b 
Isolated yield. c Determined by chiral HPLC. 
 
With the success of asymmetric aziridination of styrene, the scope of this catalytic 
system was then investigated in details. As summarized in Table 3.4, styrene derivatives 
bearing substituents at different positions with varied electronic properties could also be 
successfully aziridinated under similar reaction conditions (Table 3.4, entries 1-9). For 
example, the aziridination of styrene derivatives substituted with alkyl groups as well as 
electron-withdrawing groups such as –CF3, –NO2, –F and –Br could all productively 
generate the corresponding sulfonyl aziridine with excellent enantioselectivities. In 
addition, sterically hindered styrenes gave modest yield and slightly decreased ee %. 
 
57 
 
Table 3.4. Intramolecular Sulfonyl Protected Aziridination with Different Alkenes.a 
entrya aziridine yield (%)b
1
2
N
S
O
O
NO2
Olefin
75
N
S
O
O
NO2
59
Me Me
3
N
S
O
O
NO2
47
Me Me
4
N
S
O
O
NO2
47
5
N
S
O
O
NO2
62
t-Bu t-Bu
6
N
S
O
O
NO2
63
Cl Cl
7
N
S
O
O
NO2
75
Br Br
8
N
S
O
O
NO2
74
F F
9
N
S
O
O
NO2
65
F3C F3C
10
ee (%)c
88
87
80
85
80
82
87
88
76
3ad
[ ]d
(-)
(-)
(-)
(-)
(-)
(-)
(-)
(-)
(-)
R +
[Co(P6)]
PhCl; 4 Å MS
1a
SO2N3O2N
2d
R
N
R
O
O
NO2
3
1a
1b
1c
Me
1d
1e
1f
1g
1h
1i
3bd
3cd
3dd
3ed
3fd
3gd
3hd
3id
Me
N
S
O
O
NO2
63 35 (nd)
1k
3jd
EtO
O
EtO2C
 
Reaction conditions: a Performed at 25 oC for 48 h with 5.0 equiv of styrene and 1.0 equiv of 
azide in the presence 4 Å MS by 2 mol % of catalyst with PhCl as solvent; [substrate] = 0.1 M. b 
Isolated yield. c Determined by chiral HPLC. d Optical rotation. 
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After achieve the success of the catalytic asymmetric aziridination of styrene with 
p-Nitrophenyl sulfonyl azides by [Co(P6)]. As summarized in Figure 3.8, styrene could 
also be successfully aziridinated with SESN3 under similar reaction conditions (Figure 
3.8, entries 1-4). Although, the reaction gave good to excellent yields, the control of 
stereoselectivity is still limited. Currently new porphyrin ligands are being explored to 
overcome the lower enantioselectivity.  
 
Scheme 3.1. Intermolecular Aziridination with SESN3 with Different Co(II)Porphyrins. 
 
Reaction conditions: a Performed at 40 oC for 48 h with 5.0 equiv of styrene and 1.0 equiv of 
azide in the presence 4 Å MS by 2 mol % of catalyst with benzene as solvent; [substrate] = 0.1 M. 
b
 Isolated yield. c Determined by chiral HPLC. 
 
3.3. Experimental Section 
General Considerations. 
All aziridination reactions were performed under nitrogen in oven-dried glassware 
following standard Schlenk techniques. 4 Å molecular sieves were dried in a vacuum 
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oven prior to use. Anhydrous chlorobenzene was distilled under nitrogen from calcium 
hydride. Thin layer chromatography was performed on Merck TLC plates (silica gel 60 
F254). Flash column chromatography was performed with Sorbent Technology silica gel 
(60 Å, 230-400 mesh, 32-63 µm). 1H NMR and 13C NMR were recorded on a Varian 
Inova400 (400 MHz) or a Bruker250 (250 MHz) instrument with chemical shifts reported 
relative to residual solvent. HRMS data was obtained on an Agilent 1100 LC/MS/TOF 
mass spectrometer. All arylsulfonyl azides were synthesized according reference.7a HPLC 
measurements were carried out on a Shimadzu HPLC system with Whelk-O1,Chiralcel 
OD-H, OJ-H, and AD-H columns.  
General Procedure for Aziridination: An oven dried Schlenk tube, that was 
previously evacuated and backfilled with nitrogen gas, was charged with azide (if solid, 
0.2 mmol), catalyst (2 mol%), and 4Å MS (100 mg).  The Schlenk tube was then 
evacuated and back filled with nitrogen.  The Teflon screw cap was replaced with a 
rubber septum and 0.2 ml portion of solvent was added followed by styrene (1.0 mmol), 
another portion of solvent, then azide (if liquid, 0.2 mmol), and the remaining solvent 
(total 2 mL).  The Schlenk tube was then purged with nitrogen for 1 minute and the 
rubber septum was replaced with a Teflon screw cap.  The Schlenk tube was then placed 
in an oil bath for the desired time and temperature.  Following completion of the reaction, 
the reaction mixture was purified by flash chromatography.  The fractions containing 
product were collected and concentrated by rotary evaporation to afford the compound. 
In most cases, the product was visualized on TLC using the cerium ammonium 
molybdate (CAM) stain. 
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1-(4-Nitrophenylsulfonyl)-2-phenylaziridine (3ad) was obtained using the general 
procedure as a white solid in 75% yield. [α]20D = -286 (c = 0.42, CHCl3). 1H NMR (400 
MHz, CDC13): δ  8.37 (d, J = 8.8 Hz, 2H), 8.19 (d, J = 8.8 Hz, 2H), 7.31 (m, 3H), 7.22 
(m, 2H), 3.90 (dd, J = 7.2, 4.4 Hz, 1H), 3.11 (d, J = 7.6 Hz, 1H), 2.50 (d, J = 4.4 Hz, 1H). 
13C NMR (125 MHz, CDC13): δ 150.6, 143.9, 134.1, 129.1, 128.7, 128.1, 126.4, 124.3, 
41.8, 36.5. HRMS (ESI): Calcd. for C14H13N2O4S ([M+H]+) m/z 305.05905, Found 
305.05901.  HPLC: Whelk-01 (98 hexanes:02 isopropanol @ 1.0 ml/min): 88% ee; 42 
min (minor) and 49 min (major). 
 
 
1-(4-Nitrophenylsulfonyl)-2-p-tolylaziridine (3bd) was obtained using the general 
procedure as tan solid in 59% yield. [α]20D = -167 (c = 0.37, CHCl3). 1H NMR (400 MHz, 
CDC13): δ  8.36 (d, J = 8.8 Hz, 2H), 8.17 (d, J = 8.8 Hz, 2H), 7.10 (m, 4H), 3.86 (dd, J = 
7.2, 4.8 Hz, 1H), 3.10 (d, J = 7.2 Hz, 1H), 2.50 (d, J = 4.8 Hz, 1H), 2.31 (s, 3H).  13C 
NMR (125 MHz, CDC13): δ 150.6, 144.0, 138.6, 131.0, 129.4, 129.1, 126.3, 124.3, 41.9, 
36.4, 21.1. HRMS (ESI): Calcd. for C15H15N2O4S ([M+H]+) m/z 319.07470, Found 
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319.07413.  HPLC: Whelk-01 (98 hexanes:02 isopropanol @ 1.0 ml/min): 87% ee; 43 
min (minor) and 51 min (major). 
 
 
1-(4-Nitrophenylsulfonyl)-2-m-tolylaziridine (3cd) was obtained using the general 
procedure as tan solid in 47% yield. [α]20D = -269 (c = 0.30, CHCl3).  1H NMR (400 MHz, 
CDC13): δ  8.37 (d, J = 8.8 Hz, 2H), 8.18 (d, J = 8.4 Hz, 2H), 7.20 (t, J = 8.0 Hz, 1H), 
7.11 (d, J = 7.6 Hz, 1H), 7.01 (m, 2H), 3.86 (dd, J = 7.2, 4.8 Hz, 1H), 3.09 (d, J = 7.2 Hz, 
1H), 2.50 (d, J = 4.8 Hz, 1H), 2.31 (s, 3H).  13C NMR (125 MHz, CDC13): δ 150.6, 143.9, 
138.5, 134.0, 129.5, 129.1, 128.6, 127.0, 124.3, 123.5, 41.9, 36.5, 21.3.  HRMS (ESI): 
Calcd. for C15H15N2O4S ([M+H]+) m/z 319.07470, Found 319.07410.  HPLC: Whelk-01 
(98 hexanes:02 isopropanol @ 1.0 ml/min): 80% ee; 42 min (minor) and 54 min (major). 
 
 
1-(4-Nitrophenylsulfonyl)-2-o-tolylaziridine (3dd) was obtained using the general 
procedure as tan solid in 47% yield (56.2 mg). [α]20D = -238 (c = 0.31, CHCl3). 1H NMR 
(400 MHz, CDC13): δ 8.40 (d, J = 8.4 Hz, 2H), 8.22 (d, J = 8.4 Hz, 2H), 7.23-7.11 (m, 
3H), 7.06 (d, J = 7.6 Hz, 1H), 3.01 (m, 1H), 3.10 (d, J = 7.2 Hz, 1H), 2.43 (d, J = 4.8 Hz, 
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1H), 2.41 (s, 3H).  13C NMR (125 MHz, CDC13): δ 150.6, 143.9, 136.7, 132.3, 130.1, 
129.2, 128.4, 126.2, 125.5, 124.3, 40.2, 35.8, 19.0.  IR (neat, cm-1): 2980, 1607, 1524, 
1349, 1328, 1306, 1243, 1203, 1158, 1092, 1012, 976, 907, 867, 829, 766, 744, 742, 698, 
680, 668, 621.  HRMS (ESI): Calcd. for C15H15N2O4S ([M+H]+) m/z 319.07470, Found 
319.07415.  HPLC: Chiralcel OD-H (80 hexanes:20 isopropanol @ 0.8 ml/min): 85% ee; 
60 min (minor) and 78 min (major). 
 
 
2-(4-tert-Butylphenyl)-1-(4-nitrophenylsulfonyl)aziridine (3ed) was obtained using the 
general procedure as tan oil in 62% yield. [α]20D = -86 (c = 0.44, CHCl3). 1H NMR (400 
MHz, CDC13): δ 8.37 (d, J = 8.4 Hz, 2H), 8.19 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.0 Hz, 
2H), 7.15 (d, J = 8.0 Hz, 2H), 3.89 (m, 1H), 3.09 (d, J = 7.2 Hz, 1H), 2.51 (d, J = 4.8 Hz, 
1H), 1.28 (s, 9H).  13C NMR (125 MHz, CDC13): δ 151.9, 150.6, 144.0, 131.0, 129.1, 
126.1, 125.6, 124.3, 41.9, 36.7, 34.6, 31.2. HRMS (ESI): Calcd. for C18H21N2O4S 
([M+H]+) m/z 361.12165, Found 361.12077. HPLC: Whelk-01 (98 hexanes:02 
isopropanol @ 1.0 ml/min): 80% ee; 42 min (minor) and 36 min (major). 
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2-(4-Chlorophenyl)-1-(4-nitrophenylsulfonyl)aziridine (3fd) was obtained using the 
general procedure as white solid in 63% yield (63.5 mg). [α]20D = -83 (c = 0.43, CHCl3). 
1H NMR (400 MHz, CDC13): δ  8.37 (d, J = 8.8 Hz, 2H), 8.17 (d, J = 8.8 Hz, 2H), 7.28 
(d, J = 8.8 Hz, 2H), 7.15 (d, J = 8.4 Hz, 2H), 3.87 (dd, J = 7.2, 4.8 Hz, 1H), 3.10 (d, J = 
7.2 Hz, 1H), 2.54 (d, J = 4.8 Hz, 1H).  13C NMR (125 MHz, CDC13): δ 150.6, 143.6, 
134.6, 132.7, 129.1, 128.9, 127.7, 124.3, 40.9, 36.7. HRMS (ESI): Calcd. for 
C14H12N2O4SCl ([M+H]+) m/z 339.02008, Found 339.02007.  HPLC: Whelk-01 (98 
hexanes:02 isopropanol @ 1.0 ml/min): 82% ee; 51 min (minor) and 63 min (major). 
 
 
2-(4-Bromophenyl)-1-(4-nitrophenylsulfonyl)aziridine (3gd) was obtained using the 
general procedure as white solid in 75% yield (73.5 mg). [α]20D = -143 (c = 0.57, CHCl3). 
1H NMR (400 MHz, CDC13): δ 8.38 (d, J = 8.8 Hz, 2H), 8.18 (d, J = 8.8 Hz, 2H), 7.20 
(m, 2H), 7.00 (t, J = 8.4 Hz, 2H), 3.87 (m, 1H), 3.09 (d, J = 7.2 Hz, 1H), 2.45 (d, J = 4.4 
Hz, 1H).  13C NMR (125 MHz, CDC13): δ 150.6, 143.6, 133.2, 131.8, 129.1, 128.0, 124.3, 
122.7, 41.1, 36.6. HRMS (ESI): Calcd. for C14H12N2O4SBr ([M+H]+) m/z 382.96957, 
Found 382.96952.  HPLC: Whelk-01 (98 hexanes:02 isopropanol @ 1.0 ml/min): 87% ee; 
53 min (minor) and 67 min (major). 
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2-(4-Fluorophenyl)-1-(4-nitrophenylsulfonyl)aziridine (3hd) was obtained using the 
general procedure as white solid in 74% yield (61.5 mg). [α]20D = -255 (c = 0.47, CHCl3). 
1H NMR (400 MHz, CDC13): δ 8.38 (d, J = 8.8 Hz, 2H), 8.18 (d, J = 8.8 Hz, 2H), 7.19 
(m, 2H), 7.00 (m, 2H), 3.88 (dd, J = 7.2, 4.4 Hz, 1H), 3.09 (d, J = 7.2 Hz, 1H), 2.47 (d, J 
= 4.4 Hz, 1H).  13C NMR (125 MHz, CDC13): δ 164.1, 162.1, 144.0, 130.2, 129.4, 128.5, 
124.6, 116.1, 115.9, 41.4, 36.9.  HRMS (ESI): Calcd. for C14H12N2O4FS ([M+H]+) m/z 
323.04963, Found 323.04920.  HPLC: Whelk-01 (98 hexanes:02 isopropanol @ 1.0 
ml/min): 88% ee; 48 min (minor) and 57 min (major). 
 
 
1-(4-Nitrophenylsulfonyl)-2-(4-(trifluoromethyl)phenyl)aziridine (3id) was obtained 
using the general procedure as a white solid in 65% yield (71.8 mg). [α]20D = -157 (c = 
0.48, CHCl3). 1H NMR (400 MHz, CDC13): δ 8.39 (d, J = 8.4 Hz, 2H), 8.19 (d, J = 8.8 
Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 3.94 (dd, J = 7.2, 4.8 Hz, 1H), 
3.14 (d, J = 7.2 Hz, 1H), 2.48 (d, J = 4.4 Hz, 1H).  13C NMR (125 MHz, CDC13): δ 151.0, 
143.8, 138.5, 129.5, 127.1, 126.04, 126.00, 124.7, 41.1, 37.1. HRMS (ESI): Calcd. for 
C15H12N2O4 F3S ([M+H]+) m/z 373.04644, Found 373.04658.  HPLC: Whelk-01 (98 
hexanes:02 isopropanol @ 1.0 ml/min): 76% ee;  43 min (minor) and 51 min (major). 
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(E)-ethyl 3-(1-((4-nitrophenyl)sulfonyl)aziridin-2-yl)acrylate (3jd) was obtained using 
the general procedure as tan solid in 63% yield. 1H NMR (400 MHz, CDC13): δ 8.41 (d, 
J = 8.91 Hz, 2H), 8.16 (d, J = 8.95 Hz, 2H), 6.54 (dd, J = 15.64, 7.58 Hz, 1H), 6.14 (d, J 
= 15.63 Hz, 1H), 4.19 (q, J = 7.14 Hz, 2H), 3.49 (dt, J = 7.43, 4.38 Hz, 1H), 3.00 (d, J = 
7.17 Hz, 1H), 2.38 (d, J = 4.37 Hz, 1H), 1.27 (t, J = 7.13 Hz, 3H).  13C NMR (100 MHz, 
CDC13): δ 164.997, 140.529, 129.222, 126.034, 124.428, 77.297, 76.979, 76.661, 60.885, 
39.284, 35.166, 14.114. HPLC: Whelk-01 (98 hexanes: 02 isopropanol @ 1.0 ml/min): 
35%ee;  125 min (minor) and 109 min (major). HRMS (ESI): Calcd. for C13H14N2O6S 
([M+H]+) m/z 327.0645. Found 327.0652. 
 
3.4. Conclusions 
We have shown that the sulfonyl protected aziridine derivatives can be generated 
in excellent enantioselectivities through a broad range of terminal olefins utilizing 
[Co(P6)] as catalysts.   
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Chapter 4 
Asymmetric Intermolecular Olefin Aziridination with Phosphoryl Azides via 
Cobalt(II)-Based Metalloradical Catalysis (MRC) 
4.1. Introduction 
Phosphoryl protected aziridines are an important part of aziridination research, 
however there are much fewer reports of this type. These protected aziridines could be 
considered even more valuable than other families because of the extra functionality that 
the phosphoryl group brings to these azaheterocyclic rings.1 In addition, the study of the 
influence of phosphorous connected to the aziridine results in unique splitting patterns in 
1HNMR and 13CNMR spectroscopy in addition to the 31PNMR spectra observed.2 
By using different protecting groups, the selectivity and reactivity of aziridines 
towards further transformation often varies. For example, Borhan’s group reported the 
stereospecificity of an addition reaction using different aziridines protected by various 
                                                                                    70 
 
groups. Grignard reagents were shown to selectively attack the aldehyde in a nucleophilic 
addition reaction with excellent diastereoselectivities controlled by the choice of the 
protecting group (sulfonyl, carbonyl, and benzyl) as well as the substitution patterns of 
the aziridines3 (Figure 4.1).  
 
 
Figure 4.1. Aziridines with Different Protecting Group undergo Reactions with 
Organometallic Reagents. 
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 However there are only a limited number of reports that have introduced further 
transformations that have used or systematically studied phosphoryl protected aziridines. 
This may be due to the number of methodologies that have been developed for the 
synthesis of phosphoryl functionalized aziridines; in particular enantiomerically pure 
aziridines have considerable unmet demand. Currently, the general method of 
synthesizing N-phosphoryl aziridines is still confined to a few limited pathways (Figure 
4.2). The classic, direct syntheses of racemic aziridinylphosphonates are either through an 
intramolecular cyclization of phosphoramidate4 or by the phosphorylation of unprotected 
aziridines. Enantiomerically pure phosphoryl aziridines requires chiral auxiliaries to 
induce asymmetry, for example, chiral halogenated alkyl azides can be used to from 
chiral aziridines by either react readily with trivalent phosphorus nucleophiles5 or via 
photo-cyclization.  
In 2002, the first catalytic intermolecular phosphoryl protected aziridination was 
initiated by using Rh2 complexes. The oxidative amidation of alkenes was shown for a 
phosphoramidate. However, compared with sulfonyl aziridination which can produce 
aziridines in high yields, the desired phosphoryl aziridine product could only be produced 
in low yield due to the electronic differences between these azido nitrene sources.6 
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Figure 4.2. Common Methods of Synthesizing N-phosphoryl Aziridines. 
 
In 2006, a catalytic system emerged which could effectively generate phosphoryl 
aziridines in moderate yields for a variety of styrene derivatives. The Zhang7 group’s 
initial report introduced a catalytic aziridination system which used cobalt(II) 
tetraphenylporphyrin [Co(TPP)] as the catalyst and diphenylphosphoryl azide (DPPA) as 
the nitrene source. This methodology allowed for the direct synthesis of N-phosphoryl 
substituted aziridines under mild conditions and generating dinitrogen gas as the only by-
product (Figure 4.3). A variety of metalloporphyrins were screened for this reaction, 
however cobalt was the only one that could effectively produce aziridine products using 
this new azide source.  
                                                                                    73 
 
In 2008, Zhang’s group screened the initial group of the six chiral Co(II)-Based 
D2-symmetric porphyrin tool box for the asymmetric aziridination of olefins with 
phosphoryl azide as the nitrene source.  Moderate % ee and up to 90% yields were 
generated for a variety of styrene derivatives.8 The limitation of this system was that in 
order to achieve low to moderate enantioselectivities, a high catalytic loading of the 
DMAP additive was necessary although it had a negative effect on the yield. 
 
R1
R2 R3
P N3
PhO
PhO
O
DPPA
N
R
P(O)(OPh)2
*
+
1 equiv5 equiv
10 mol% [Co(P1)]
NDPP
Yield 88%a, ee 37%b
20%d, ee 71%d
NDPP
Yield 35%a, ee 46%b
70%c, ee 33%c
NDPP
Yield 52%a, ee 44%b
78%c, ee 32%c
NDPP
Yield 58%a, ee 37%b
55%c, ee 21%c
NDPP
Yield 77%a, ee 53%b
t-Bu
NDPP
Yield 65%a, ee 28%b
Br
NDPP
Yield 68%a, ee 7%b
Br
NDPP
Yield 58%a, ee 45%b
Br
NDPP
Yield 64%a, ee 6%b
Cl
NDPP
Yield 39%a, ee 10%b
72%c, ee 17%c
F
NDPP
Yield 64%a, ee 44%b
F3C
NDPP
Yield 58%a, ee 46%b
NO2
a Reactions were carried out for 18 h in chlorobenzene at 40 °C under N2 in the presence of 5 Å molecular
sieves using 10 mol % of [Co(3,5-DitBu-Chen)]. Concentration: 0.50 mmol of olefin/1 mL of chlorobenzene.
Olefin/azide = 5:1 with isolated yields. b Determined by chiral HPLC. cCarried at 60 °C. dWith DMAP
 
Figure 4.3. The Zhang’s Group Pioneer Development in Asymmetric Aziridination with 
Phosphoryl Azide. 
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Considering the ease of synthesizing various phosphoryl azides, this methodology 
could become a general and effective tool for continued investigation that would focus on 
the metalloporphyrin catalyzed intermolecular aziridination system. Additionally, 
terminal N-phosphoryl aziridines can undergo lithiation reactions9 which provide 
synthetically challenging phosphonoaziridines and can undergo ring opening reactions10 
acting as electrophilic components for reactions with Grignard reagents to afford non-
commercially available N-alkylphosphoramidates. Therefore, many interesting 
compounds and derivatives could be made from this asymmetric N-phosphoryl aziridine 
pool produced by cobalt(II) porphyrin based metalloradical catalysis (MRC).  
To further improve this methodology, new functionalized chiral ligands should be 
employed to optimize the reaction conditions and improve aziridination reactivity and 
selectivity. Unlike Du Bois’ Rh2 system, the cobalt metalloporphyrins are generally less 
electronically affected by the choice of different nitrene sources and N-phosphoryl 
protecting groups, e.g. sulfonyl azides versus phosphoryl azides. Furthermore, it would 
be ideal to find conditions that no longer required the use of additives that complicate the 
system and decrease the yield while pursuing higher enantioselectivities.  
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4.2. Results and Discussion 
Previously [Co(P1)] (Figure 4.4), the cobalt(II) complex of the D2-symmetric 
chiral porphyrin 3,5-DitBu-ChenPhyrin, was demonstrated to be the best choice of 
catalyst for asymmetric olefin aziridination with diphenylphosphoryl azide (DPPA). At 
the time, it was rationalized that the general success in stereoselectivity was attributed to 
the rigidity of the cyclopropyl units and the potential hydrogen bonding attributed to the 
chiral amido groups. In order to improve the system further, a series of new multi-
functionalized porphyrin ligand was rationally designed. Porphyrins were systemically 
synthesized to utilize a greater variety of ligands now available in the tool-box. The 
resulting library of metalloporphyrins brought us the opportunities to study and further 
modify these ligands in terms of steric and electronic properties. 
Following this strategy, [Co(P1)] was screened for the decomposition of another 
phosphoryl azide. In addition to diphenylphosphoryl azide (DPPA), bis(2,2,2-
trichloroethyl) phosphorazidate was demonstrated to also serve as a good nitrene source 
and reacted with styrene to give 77% yield and 53% ee without the addition of the DMAP 
additive.  
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a
 Reactions were carried out for 36 h in benzene at 35 °C under N2 in the presence of 4 Å 
molecular sieves using 2 mol % of [Co(3,5-DitBu-ChenPhyrin)] [Co(P1)]. Concentration: 0.50 
mmol of olefin/1 mL of benzene. Olefin/azide = 5:1 with isolated yields. b Determined by chiral 
HPLC.  
Figure 4.4. Aziridination with Diphenylphosphoryl Azide (DPPA) and Bis(2,2,2-
trichloroethyl) phosphorazidate Catalyzed by [Co(P1)]. 
 
Previously, aziridines produced using with DPPA as the azide source were shown 
to produce interesting 1HNMR, 13CNMR, and 31PNMR spectra. Herein, the unique 
splitting patterns observed for the N-phosphorylated aziridines created using bis(2,2,2-
trichloroethyl) phosphorazidate are collected and discussed. Each of the three aziridine-
ring hydrogens is also present as doublet of doublet of doublets (ddd) peak pattern in the 
1H NMR spectrum between 2.3 and 3.8 ppm. The geminal hydrogen coupling constant is 
around 1.0 to 1.2 Hz; and vicinal coupling constant is around 3.5 to 3.6 Hz for trans, and 
6.0 to 6.3 for cis. Aziridines are unique in that the coupling constant for cis is greater than 
trans. The doublets are further split by the phosphorus atom which has a coupling 
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constant between 15 to 20 Hz. The multiple couplings lead to a very complex splitting 
tree pattern as analyzed below (Figure 4.5) 
 
 
 
Figure 4.5. Splitting Tree Pattern as Analyzed for the Aziridines with Different 
Phosphoryl Protecting Groups.  
 
Inspired by these results, the porphyrin ligand was first modified in the meso 5,15 
positions of the porphyrin ligands by switching the 3,5-DitBuPhenyl to a 2,6-
DiMeOPhenyl to increase the steric hindrance. An increase of the enantioselectivity was 
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anticipated as a result of the increased steric hindrance near the metal center. However, 
not only did it not increase the selectivity but it also lowered the yield. When the steric 
hindrance was increased further from the metal center, the yield became nearly 
quantitative although it was accompanied by a moderate decrease in the % ee.  
This may suggest that the inherent steric size of the phosphoryl azide substituent 
must be accommodated near the metal center in a certain way. Next, metalloporphyrins 
with the 3,5-DitBuphenyl meso substitutions were explored with modifications on the 
chiral amido units. Consequently, the % ee increased when another chiral center was 
introduced into the rigid cyclopropyl amide unit. In this case, the Qing amide enhanced 
the ee to 81%, although the yield decreased to 23%.  
Based on these two observations, a new porphyrin emerged that featured a 
decrease in steric hindrance near the metal center connected to the meso 5,15 positions 
and kept the chiral unit with the Qing amide substitution which is rigid but not very 
hindered to boost ther enantioselectivity without sacrificing the reaction reactivity (Table 
4.1). As desired, the yield increased to 98%, and the enantiomeric excess was maintained 
at 81% while using the [cobalt(II)3,5-DiMes-Qing] porphyrin [Co(P8)] at 35 oC for 36 
hours (Table 4.1, entry 3). 
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Table 4.1. Aziridination with Bis(2,2,2-trichloroethyl) phosphorazidate Catalyzed by  
Array of Co(II)Porphyrins. a 
 
a
 Reaction conditions: Performed at 40 oC for 48 h in C6H6 using 2 mol % of catalyst in the 
presence of 4 Å MS; olefin:azide = 5:1; [azide] = 0.1 M. b Isolated yield. c Determined by chiral 
HPLC.  
 
It was noted that the enantioselectivity of this reaction is substantially 
differentiated by substituents on styrene (Table 4.2, entries 1-10), whereas the yield 
                                                                                    80 
 
varied considerably. Most of the styrene derivatives gave good enantioselectivities, 
although, replacing of the para position to strong electron withdrawing group would 
demolish the enantiomeric excess.  
 
Table 4.2. Intermolecular Olefin Aziridination with Bis(2,2,2-trichloroethyl) 
phosphorazidate with Alkenes Catalyzed by [Co(P8)]. a 
 
a
 Reactions were carried out for 36 h in benzene at 35 °C under N2 in the presence of 4 Å 
molecular sieves using 2 mol % of [Co(3,5-DiMes-Qing)] [Co(P8)]. Concentration: 0.50 mmol of 
olefin/1 mL of benzene. Olefin/azide = 5:1 with isolated yields. b Determined by chiral HPLC. c 
Carried at 40 °C for 48 h. 
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4.3. Experimental Section 
General Considerations. Thin layer chromatography was performed on Merck 
TLC plates (silica gel 60 F254). Flash column chromatography was performed with 
Sorbent Technology silica gel (60 Å, 230-400 mesh, 32-63 µm). Proton and carbon 
nuclear magnetic resonance spectra (1H NMR and 13C NMR) were Varian Inova400 (400 
MHz) instrument with chemical shifts reported relative to residual solvent. HPLC 
measurements were carried out on a Shimadzu HPLC system with Whelk-O1,Chiralcel 
columns. HRMS data was obtained on an Agilent 1100 LC/MS ESI/TOF mass 
spectrometer with electrospray ionization.  
Preparation of the phosphoryl azide:  
Bis(2,2,2-trichloroethyl) phosphorazidate 4b were synthesized according to 
previously reported procedure. 11 
 
Bis(2,2,2-trichloroethyl) phosphorazidate 4b : 1H NMR (400 MHz, CDCl3): δ 4.67 ( dd, 
J =  Hz, 4H). 13C NMR (100 MHz, CDCl3): δ 94.050, 93.947, 77.394, 77.342, 77.296, 
76.978, 76.660. 31P NMR (162 MHz, CDCl3): δ -2.536. 
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General Procedure for Aziridination: Schlenk tube was filled with 200mg 4Å 
MS molecular sieves placed in an oven, dried overnight before using. Catalyst (2 mol %) 
and 1.0 equivalent of Bis(2,2,2-trichloroethyl) phosphorazidate (0.10 mmol) were added 
in order. The tube was capped with a Teflon screwcap, evacuated, backfilled with 
nitrogen, and then replaced with a rubber septum. 5.0 equivalents of alkene (0.50 mmol), 
in 1.0 ml benzene was added once via syringe. Schlenk tube was capped by teflon 
screwcap instead of rubber septum and stirred at 35 oC for 36 hours. Following 
completion of the reaction, the reaction mixture was purified by flash chromatography. 
The fractions containing product were collected and concentrated by rotary evaporation 
to afford the compound. In most cases, the product was visualized on TLC using the 
cerium ammonium molybdate (CAM) stain and phosphomolybdic acid (PMA) stain. 
 
 
 
Bis(2,2,2-trichloroethyl) (2-phenylaziridin-1-yl)phosphonate (4ab): 1H NMR (400 
MHz, CDCl3): δ 2.37 (ddd, J = 15.45, 3.56, 1.20 Hz, 1H), 2.89 (ddd, J = 19.25, 6.13, 
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1.20 Hz, 1H), 3.72 (ddd, J = 16.55, 6.12, 3.56 Hz, 1H), 4.66 (m, 4H), 7.32 (m, 5H). 13C 
NMR (100 MHz, CDCl3): δ 135.891, 135.844, 128.587, 128.295, 126.195, 94.911, 
94.868, 94.809, 94.766, 76.883, 76.854, 76.831, 76.703, 39.052, 38.991, 34.940, 34.858, 
29.672. 31P NMR (162 MHz, CDCl3): δ 11.968. HPLC analysis: ee = 82%. Whelk (98% 
hexanes: 2% isopropanol, 1.0 ml/min) tmajor = 24.9 min. tminor = 23.0 min. HRMS (ESI) 
([M+H]+) Calcd. for C12H12Cl6NO3P: 459.8759, Found: 459.8760. 
 
 
bis(2,2,2-trichloroethyl) (2-(4-fluorophenyl)aziridin-1-yl)phosphonate (4bb): 1H 
NMR (400 MHz, CDCl3): δ 2.33 (ddd, J = 15.38, 3.53, 1.07 Hz, 1H), 2.88 (ddd, J = 
19.24, 6.10, 1.06 Hz, 1H), 3.70 (ddd, J = 16.57, 6.07, 3.53 Hz, 1H), 4.65 (m, J = 11.15, 
10.87, 6.44 Hz, 4H), 7.09-6.94 (m, 2H), 7.27 (m,  2H). 13C NMR (100 MHz, CDCl3): δ 
163.906, 161.450, 131.676, 127.946, 127.865, 115.720, 115.504, 94.853, 94.776, 94.751, 
76.733, 38.456, 38.397, 34.981, 34.900. 31P NMR (162 MHz, CDCl3): δ 11.813. 19F 
NMR (100 MHz, CDCl3): δ -113.509, -113.520, -113.532. HPLC analysis: ee = 85%. 
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Whelk (98% hexanes: 2% isopropanol, 1.0 ml/min) tmajor = 24.2 min, tminor = 22.3 min. 
HRMS (ESI) ([M+H]+) Calcd. for C12H11Cl6FNO3P: 477.8665, Found: 477.8667. 
 
 
bis(2,2,2-trichloroethyl) (2-(4-chlorophenyl)aziridin-1-yl)phosphonate (4cb): 1H 
NMR (400 MHz, CDCl3): δ 2.33 (dd, J = 15.41, 3.50 Hz, 1H), 2.90 (dd, J = 19.18, 6.12 
Hz, 1H), 3.69 (ddd, J = 16.51, 6.08, 3.50 Hz, 1H), 4.74-4.57 (m, 4H), 7.24 (m, 2H), 7.34-
7.28 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 134.504, 134.453, 134.138, 128.805, 
127.538, 94.836, 94.808, 94.735, 94.705, 76.860, 76.823, 76.687, 38.390, 38.329, 35.004, 
34.923. 31P NMR (162 MHz, CDCl3): δ 11.710. HPLC analysis: ee = 74%. Whelk (98% 
hexanes: 2% isopropanol, 1.0 ml/min) tmajor = 24.2 min, tminor = 22.1 min. HRMS (ESI) 
([M+H]+) Calcd. for C12H11Cl7NO3P: 493.8369, Found: 493.8374. 
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bis(2,2,2-trichloroethyl) (2-(4-bromophenyl)aziridin-1-yl)phosphonate (4db): 1H 
NMR (400 MHz, CDCl3): δ 2.32 (ddd, J = 15.42, 3.49, 1.10 Hz, 1H), 2.89 (ddd, J = 
19.18, 6.13, 1.10 Hz, 1H), 3.67 (ddd, J = 16.50, 6.09, 3.49 Hz, 1H), 4.77-4.55 (m, 4H), 
7.18 (m, 2H), 7.50-7.42 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 135.052, 135.001, 
131.753, 127.861, 122.241, 94.839, 94.808, 94.736, 94.705, 76.870, 76.830, 76.720, 
38.447, 38.387, 34.982, 34.900. 31P NMR (162 MHz, CDCl3): δ 11.687. HPLC analysis: 
ee = 72%. Whelk (98% hexanes: 2% isopropanol, 1.0 ml/min) tmajor = 27.0 min, tminor = 
24.5 min. HRMS (ESI) ([M+H]+) Calcd C12H11BrCl6NO3P. for: 537.7864, Found: 
537.7860. 
 
 
bis(2,2,2-trichloroethyl) (2-(3-bromophenyl)aziridin-1-yl)phosphonate (4eb): 1H 
NMR (400 MHz, CDCl3): δ 2.34 (ddd, J = 15.39, 3.47, 1.13 Hz, 1H), 2.90 (ddd, J = 
19.09, 6.13, 1.12 Hz, 1H), 3.68 (ddd, J = 16.48, 6.09, 3.48 Hz, 1H), 4.80-4.57 (m, 4H), 
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7.45 (ddd, J = 7.51, 3.32, 1.80 Hz, 2H), 7.24 ( m, 2H). 13C NMR (100 MHz, CDCl3): δ 
138.323, 138.272, 131.429, 130.134, 129.162, 125.020, 122.736, 94.827, 94.805, 94.725, 
94.704, 77.341, 77.024, 76.706, 38.248, 38.188, 34.967, 34.886. 31P NMR (162 MHz, 
CDCl3): δ 11.554. HPLC analysis: ee = 66%. Whelk (98% hexanes: 2% isopropanol, 1.0 
ml/min) tmajor = 26.8 min, tminor = 23.7 min. HRMS (ESI) ([M+H]+) Calcd 
C12H11BrCl6NO3P. for: 537.7864, Found: 537.7866. 
 . 
 
bis(2,2,2-trichloroethyl) (2-(2-bromophenyl)aziridin-1-yl)phosphonate (4fb): 1H 
NMR (400 MHz, CDCl3): δ 2.25 (ddd, J = 15.21, 3.55, 1.32 Hz, 1H), 2.94 (ddd, J = 
18.69, 6.22, 1.32 Hz, 1H), 4.00 (ddd, J = 16.44, 6.18, 3.54 Hz, 1H), 4.79-4.61 (m, 4H), 
7.21-7.13 (m, 1H), 7.38-7.26 (m, 2H), 7.54 (dd, J = 7.96, 1.07 Hz, 1H). 13C NMR (100 
MHz, CDCl3): δ 135.468, 135.413, 132.436, 129.549, 127.648, 127.456, 123.349, 94.871, 
94.770, 76.910, 76.850, 76.732, 39.347, 39.291, 34.581, 34.502. 31P NMR (162 MHz, 
CDCl3): δ 12.002. HPLC analysis: ee = 84%. Whelk (98% hexanes: 2% isopropanol, 1.0 
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ml/min) tmajor = 23.9 min, tminor = 22.5 min. HRMS (ESI) ([M+H]+) Calcd 
C12H11BrCl6NO3P. for: 537.7864, Found: 537.7864. 
 
 
bis(2,2,2-trichloroethyl) (2-(4-(trifluoromethyl)phenyl)aziridin-1-yl)phosphonate 
(4jb): 1H NMR (400 MHz, CDCl3): δ 2.36 (ddd, J = 15.40, 3.44, 1.08 Hz, 1H), 2.95 (ddd, 
J = 19.04, 6.15, 1.08 Hz, 1H), 3.77 (ddd, J = 16.40, 6.09, 3.45 Hz, 1H), 5.04-4.33 (m, 
4H), 7.44 (d, J = 8.17 Hz, 2H), 7.61 (d, J = 8.19 Hz, 2H). 13C NMR (100 MHz, CDCl3): 
δ 140.080, 140.027, 130.547, 130.391, 126.564, 125.614, 125.577, 94.799, 94.772, 
94.699, 94.672, 76.937, 76.889, 76.842, 76.664, 38.350, 38.291, 38.235, 35.142, 35.061. 
31P NMR (162 MHz, CDCl3): δ 11.509. 19F NMR (100 MHz, CDCl3): δ -62.656. HPLC 
analysis: ee = 48%. Whelk (98% hexanes: 2% isopropanol, 1.0 ml/min) tmajor = 20.6 min, 
tminor = 18.9 min. HRMS (ESI) ([M+H]+) Calcd. for C13H11Cl6F3NO3P: 527.8633, Found: 
527.8643. 
 
                                                                                    88 
 
 
bis(2,2,2-trichloroethyl) (2-(2-bromophenyl)aziridin-1-yl)phosphonate (4ib): 1H 
NMR (400 MHz, CDCl3): δ 2.28 (dd, J = 15.32, 3.47 Hz, 1H), 2.95 (dd, J = 18.66, 6.35 
Hz, 1H), 4.14-3.99 (m, 1H), 4.84-4.70 (m, 4H), 7.42 (t, J = 7.54 Hz, 1H), 7.72-7.51 (m, 
3H). 13C NMR (100 MHz, CDCl3): δ 132.251, 128.055, 127.176, 125.726, 125.670, 
94.823, 76.979, 76.863, 76.814, 76.662, 36.289, 36.262, 36.234, 35.038, 34.965. 31P 
NMR (162 MHz, CDCl3): δ 11.847. 19F NMR (100 MHz, CDCl3): δ-59.905. HRMS (ESI) 
([M+H]+) Calcd. for C13H11Cl6F3NO3P: 527.8833, Found: 527.8657. 
 
 
bis(2,2,2-trichloroethyl) (2-(4-chlorophenyl)aziridin-1-yl)phosphonate (4jb): 1H 
NMR (400 MHz, CDCl3): δ 2.37 (dd, J = 15.30, 3.17 Hz, 1H), 3.21-2.83 (m, 1H), 3.95-
3.70 (m, 1H), 5.39-4.12 (m, 4H), 7.63-7.44 (m, 2H), 8.34-8.11 (m, 2H). 13C NMR (100 
MHz, CDCl3): δ 147.974, 147.948, 147.900, 143.447, 143.409, 143.360, 127.092, 
123.904, 77.310, 76.992, 76.924, 76.876, 76.675, 38.051, 37.995, 36.969, 35.402, 35.320. 
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31P NMR (162 MHz, CDCl3): δ 11.154. HPLC analysis: ee = 22%. Whelk (98% hexanes: 
2% isopropanol, 1.0 ml/min) tmajor = 54.7 min, tminor = 51.4 min. HRMS (ESI) ([M+H]+) 
Calcd. for C12H11Cl6N2O5P: 504.8610, Found: 504.8620. 
 
 
bis(2,2,2-trichloroethyl) (2-(4-chlorophenyl)aziridin-1-yl)phosphonate (4hb): 1H 
NMR (400 MHz, CDCl3): δ 2.39 (dd, J = 15.34, 3.34 Hz, 1H), 2.97 (dd, J = 18.94, 6.09 
Hz, 1H), 3.81 (ddd, J = 16.38, 6.03, 3.40 Hz, 1H), 4.85-4.55 (m, 4H), 7.53 (t, J = 8.24 
Hz, 1H), 7.66 (d, J = 7.64 Hz, 1H), 8.29-8.06 (m, 2H),. 13C NMR (100 MHz, CDCl3): δ 
148.526, 138.409, 138.357, 132.375, 129.684, 123.297, 121.240, 94.750, 94.649, 76.985, 
76.911, 76.863, 76.799, 76.668, 37.991, 37.932, 35.168, 35.086. 31P NMR (162 MHz, 
CDCl3): δ 11.153. HPLC analysis: ee = 66%. Whelk (98% hexanes: 2% isopropanol, 1.0 
ml/min) tmajor = 61.1 min, tminor = 57.3 min. HRMS (ESI) ([M+H]+) Calcd. for 
C12H11Cl6N2O5P: 504.8610, Found: 504.8609. 
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bis(2,2,2-trichloroethyl) (2-(4-chlorophenyl)aziridin-1-yl)phosphonate (4d): 1H NMR 
(400 MHz, CDCl3): δ 2.36 (t, 1+3H), 2.87 (dd, J = 19.36, 6.13 Hz, 1H), 3.69 (ddd, J = 
16.57, 6.07, 3.59 Hz, 1H), 4.73-4.57 (m, 4H), 7.14 (d, J = 8.03 Hz, 2H), 7.19 (d, J = 8.16 
Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 138.118, 132.843, 132.794, 129.267, 126.116, 
94.924, 94.883, 94.821, 94.779, 76.866, 76.845, 76.814, 76.681, 39.015, 38.953, 34.838, 
34.756, 21.146. 31P NMR (162 MHz, CDCl3): δ 12.099. HPLC analysis: ee = 76 %. 
Whelk (98% hexanes: 2% isopropanol, 1.0 ml/min) tmajor = 27.1 min, tminor = 24.6 min. 
HRMS (ESI) ([M+H]+) Calcd C13H14Cl6NO3P. for : 475.8886, Found: 475.8889 
 
4.4. Conclusions 
We have demonstrated that metalloradical catalyst [Co(P6)] is an efficient 
catalyst for highly enantioselective aziridination of alkenes with phosphoryl azides. The 
resulting chiral N-phosphoryl aziridine derivatives have potential in further 
transformations and structure research applications.  
While being challenging in Rh2 and previous developed catalytic systems, the 
high reactivity and selectivity had shown great importance in catalytic asymmetric 
aziridination reaction. Furthermore, the establishment of N-phosphoryl azide as effective 
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and selective nitrene sources for aziridination may encourage further development of a 
serial of valuable phosphoryl functionality contained aziridine substrates. This may open 
a new chapter in phosphoramide related chemistry. 
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Chapter 5 
Design and Synthesis of Novel Cobalt(II) Porphyrin toward the Catalytic 
Intramolecular C–H Amination Reaction with Carbonyl and Phosphoryl Azides 
5.1. Introduction 
The cobalt(II) porphyrin system has been recognized as one of the most efficient 
metal complexes for the decomposition of many azides1. Compared with traditional 
photo- and thermo-chemistry, [Co(Por)] have substantially better control and selectivity. 
These cobalt(II)-based metalloradical catalysts directly decompose azides to form a 
nitrogen radical; “cutting” and releasing benign nitrogen gas in the process. Generation of 
the nitrogen radical is followed by hydrogen abstraction to form a carbon-based radical.2 
Finally, the carbon radical attacks back to the nitrogen and through homolytic Co–N bond 
cleavage, the product is released. The intra- and intermolecular C–H amination reactions 
that result from this process act as powerful “sewing” tools to construct valuable 
heterocyclic compounds such as sultams, oxazolines, and cyclophosphamides. Thus, this 
effective and stepwise process can be employed to produce a unique variety of 
heteroatom containing, complex ring structures through the installation of C–N 
functionalities accessible from ubiquitous C–H bonds under mild conditions and without 
additives (Figure 5.1).3 The biological and medicinal importance of the prevalent amine 
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functionalities in natural and synthetic products has prompted vast efforts to develop 
effective and selective amination methodologies. 
 
 
Figure 5.1. Transformations of Linear Simple Azides to Complex Functionalized 
Important Organic Compound by the “Sewing Tool”. 
 
5.1.1.  Performance of C–H Amination with Phosphoryl Azides 
Cyclophosphamides are one type of product that can be generated from 
phosphoryl azides. Chiral cyclophosphamide units play an important role in catalysis and 
are found in pharmaceutical synthetic targets such as the antitumor and anticancer drugs 
ifosfamide and phosmidosine (Figure 5.2).4  
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Figure 5.2. Important Chiral Phosphamide Units. 
 
Some cyclophosphamides, such as prodrug (IFA), are chiral molecules which 
present a unique asymmetric phosphorus chiral center rather than a typical carbon chiral 
center. Ifosfamide exhibits two enantiomeric forms 5: R-IFA and S-IFA. Experimental 
animal models and human clinical trials have indicated that the racemic mixture of IFA 
enantiomers used in these studies is subject to enantioselective metabolism. This may 
lead to distinct efficacies and toxicity profiles for each of these enantiomers. 6 
Previous studies using phosphoryl azides demonstrated that neither photolysis nor 
Rh2Piv4 catalytic thermolysis was effective for the selective C–H amination of alkanes 
(Figure 5.3).7   
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Figure 5.3. The Photo- and Thermo- Decomposition of Azides to Form Phosphamides. 
 
Since cobalt porphyrin systems have shown high reactivity towards the 
decomposition of sulfonyl and carbonyl azides, the possibility of using phosphoryl azide 
is envisioned. 
  The cobalt(II)-based metalloradical catalysis (MRC) was applied to phosphoryl 
azide C–H amination methodology. Using a systematic, modular porphyrin synthesis 
methodology developed by the Zhang group, a series of commercially available amides 
with differing steric and electronic properties were installed on the porphyrin ligands 
(Figure 5.4). The initial group of porphyrin ligands were tested for C–H amination 
reactivity with different phosphoryl azides. 
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Figure 5.4. The First Group of Cobalt(II) Porphyrin Complexes Synthesized with 
Different Commercially Available Amides. 
 
Co(II) complexes of appropriate porphyrins [Co(Por)] are highly effective 
catalysts for intramolecular C–H amination with phosphoryl azides under mild conditions. 
Determined by the nature of the azides, the Co(II)-based catalytic system can undergo 
1,6- or 1,7-C–H nitrogen radical insertion processes, forming O–P–N containing 6- or 7-
membered benzoheterocyclic compounds in high yields (Scheme 5.1). In addition to 
secondary and tertiary C–H bonds, the current catalytic system features with effective 
amination of both benzylic and nonbenzylic primary C–H bonds. 
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Scheme 5.1 Co(II)-Based Porphyrin Catalyzed Intramolecular 1,6- and 1,7-C–H Nitrogen 
Radical Amination Reaction with Phosphoryl Azides. 
 
 
5.1.2.  Performance of C–H Amination with Carbonyl Azides 
Metal-catalyzed nitrene insertion into ubiquitous C–H bonds with suitable nitrene 
sources has emerged as one of the most promising approaches for general synthesis of 
amine derivatives in a direct and controlled manner.8 
It has been approved that 2,2,2-Trichloroethoxycarbonyl azide (TrocN3) 2a is an effective 
nitrene source for Co(II)-catalyzed intermolecular nitrene insertion of C–H bonds 
(Scheme 5.2) and forms the desired Troc-protected amines in moderate to high yields.9 
This Co(II)-based catalytic system can be operated under mild conditions without the 
need for other reagents or additives while generating nitrogen gas as the only by-product. 
 
Scheme 5.2. Intermolecular C–H Amination Reaction with TrocN3. 
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5.2. Results and Discussion 
5.2.1.  Performance of C–H Amination Reactions with Phosphoryl Azides 
Using phosphoryl azide 5a as a model substrate, we performed a systematic 
investigation of its potential catalytic intramolecular C–H amination reactivity utilizing 
Co(II) complexes of different porphyrins under various conditions (Scheme 5.3).  
As summarized in scheme 5.3, the commercially available [Co(TPP)] (TPP: 
tetraphenylporphyrin) was unproductive for the amination of 5a (Scheme 5.3, entry 1), 
indicating phosphoryl azides have lower reactivity than carbonyl and sulfonyl azides. 
Encouraged by the hydrogen-bonding enhanced catalysis observed in the previous 
aziridination system, [Co(AP1)], in which the D2h-symmetric porphyrin AP1 has amide 
functionalities at the ortho-positions of the meso-phenyl groups, was employed as a 
potential catalyst and was indeed found to successfully catalyze formation of the desired 
amination product 5ap in 79% yield (Scheme 5.3, entry 2). This suggests possible 
hydrogen-bonding interaction between the P=O and N–H units in the supposed nitrene 
intermediate.  
Consistent with this depiction, the use of [Co(AP2)] and [Co(AP3)], which have 
less steric amide functionalities, increased the yields of 5ap to 98% and 96%, 
respectively (Scheme 5.3, entries 3 and 4). Conversely, 5ap was only produced in a trace 
amount or not formed at all when [Co(AP4)] or [Co(AP5)] was used (Scheme 5.3, entries 
5 and 6), presumably due to the weakening or prohibition of the hydrogen-bonding 
interaction resulting from the steric hindrance of the bulky amides. 
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Scheme 5.3. C–H Amination Reaction with Phosphoryl Azide Catalyzed by the First 
Group of Cobalt(II) Porphyrin Complexes. 
 
a. Performed with 2 mol% of Co[(Por)] for 12 h in PhCF3 at 80 oC under N2 in the presence of 4 Å 
MS with azide = 0.10M. 
 
Under an optimized condition (1-2 mol % of [Co(AP2)] at 80 oC in PhCF3 for 24 
h), the Co(II)-based catalytic system was found to be effective for the intramolecular    
C–H amination with a range of phosphoryl azides (Table 5.1).  
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Table 5.1. Substrate Scope of Metalloradical Catalytic Intramolecular C–H Amination 
Reaction with Phosphoryl Azides. 
O
R1
R2
P
O
N3
OR3
R NH
P
O O
OR3
R1 R2
O
R1
R2
P
O
N3
OR3
R NH
PO
O
OR3
RR
R1 R2
74%-99%70%-97%
P
O
O
entry 1a: 5ap 99%
entry 2d: 94%
O
NH
P
O
O
entry 8c: 5ep 83%
dr= 91/9
O
NH
Ph Ph
P
O
O
entry 9a: 5fp 85%
O
NH
P
O
OO
NH
entry 7e: 5kp 95%
P
O
OO
NH
entry 6e: 5gp 80%
N
P
O
O
entry 3c,d: 5bp 94%
dr= 65/35
O
NH
P
O
O
entry 4c,d: 5cp 90%
dr= 55/45
O
NH
P
O
O
entry 5c: 5dp 99%
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entry 13a: 5np 96%
P
O
OO
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entry 12a: 5lp 97%
MeO
OMe
P
O
OO
NH
P
O
OO
NH
Entry 10d: 90% 1/2 = 84/16
Entry 11a: 96% 1/2 = 76/24
5phb5hpa
 
a.
 Performed with 1 mol% of Co[(AP2)] for 24 h in PhCF3 at 80 oC under N2 in the presence of 
4Å MS with azide = 0.10M.  b. Isolated yields. c. NMR yields. d. Catalyst = Co[(AP1)] e. Partial 
decomposition during purification. 
 
For example, the primary C–H bonds of azide 5a could be intramolecularly 
aminated, producing the 6-membered cyclophosphoramides 5ap, respectively, in 
excellent yields (Table 5.1, entry 1). With a slightly higher catalyst loading (2 mol %), it 
was noted that the reactions could be catalyzed in equally high yields by [Co(AP1)] 
(Table 5.1, entry 2). As anticipated, tertiary and secondary C–H bonds of various types 
were also suitable substrates for the catalytic system, forming the desired 6-membered 
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heterocycles as a mixture of trans- and cis-isomers (Table 5.1, entries 3-7). The selective 
formation of 5dp from 5d without amination of the primary C–H bonds and aziridination 
of the C=C double bond (Table 5.1, entry 5) indicates that the catalytic system may allow 
for high control of chemoselectivity.  
When azide contain two kinds of primary C–H bonds, it was a surprise to observe 
the formation of 7-membered 5hpb in addition to the major 6-membered 5hpa (Table 5.1, 
entries 8 and 9), suggesting the unusual capability of the current catalytic system for the 
amination of both benzylic and nonbenzylic primary C–H bonds as well as for the 
construction of medium-sized ring structures. It was shown subsequently that various 7-
membered cyclophosphoramidates could be cleanly generated in high yields in the 
absence of benzylic C–H bonds as exemplified with azides that contain different 
functional groups (Table 5.1, entries 10-13). Besides various spectroscopic 
characterizations, both the 6-membered (5ap) and 7-membered (5lp) O–P–N containing 
benzoheterocyclic structures were further confirmed by X-ray crystallographic analysis 
(Figure 5.5).  
 
       
 
Figure 5.5. X-ray Crystal Structures of 6-Membered (5ap) and 7-Membered (5lp) 
Cyclophosphoramidates. 
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In addition to their various applications shown in the literature, these 
cyclophosphoramidates should also serve as useful precursors for preparation of 
synthetically valuable 1,3- and 1,4-amino alcohols. As an example to demonstrate this 
kind of synthetic utility, the phosphoryl group of 7-membered amination product 5lp 
could be fully deprotected upon treatment with LiAlH4 in THF at room temperature, 
generating 1,4-amino alcohol 5lpa in 72% isolated yield (Scheme 5.4). By changing 
reaction conditions, partial deprotection of the phosphoryl group also was found to be 
possible. 
 
Scheme 5.4. Preparation of Amino Alcohol and N-Protected Amino Alcohol via Full and 
Partial Deprotection of Phosphoryl Groups. 
 
When 5lp in THF was treated with a solution of NH3/MeOH at room temperature, 
the N-protected 1,4-amino alcohol 5lpb was isolated in 85% yield as a result of 
controlled double methanolysis of the phosphoryl diester without affecting the 
phosphoryl amide linkage. 
Encouraged by this result, we continue investigate how the porphyrin ligand 
environment participate in the reaction in terms of reactivity and selectivity. During the 
parallel study of cyclopropantion reactions, we begin to realize that blindly lowered the 
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steric hindrance of porphyrin amido part can only pump the reactivity since the reaction 
greatly affected by the substrate sterics. However, certain rigidity associate with the 
selectivity is very important. This brought us the idea to design and synthesize a new 
group of porphyrins facility amido functionality together with fixed rigidity and chiral 
environment diversity.  Therefore, a group of cyclopropane bearing different steric esters 
at one side, amide functionality as the other part was synthesized.10 The amide unit is 
convenient for further installation on the porphyrin synthons. The esters units can provide 
certain sterics while also can undergo different further transformation through 
hydroxylation or cross coupling reaction which can provide a way to broaden the 
porphyrin ligand library in later research areas.  
 
 
Figure 5.6. The Synthetic Methodology of New Porphyrin Ligands. 
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With the new generation of porphyrin ligands successfully synthesized, we are 
able to put them in the test (Figure 5.7). As we predicted, with the newly introduced 
chiral center of the porphyrin amido units, the enantioselectivity of chiral phosphine 
centered product gave up to 97% yield and 40% ee (Figure 5.7, entry 4). When reaction 
temperature was reduced to 40 oC, lower yields were observed, however, 50% ee was 
obtained (Figure 5.7, entry 4 and 7). 
 
 
a.
 Performed via 1 mol% of Co[(Por*)] for 24 h in PhCF3 at 80 oC under N2 with azide = 0.10M 
with isolated yield. b. Isolated on HPLC. c. Reaction at 40 oC. 
Figure 5.7. The Asymmetric Intramolecular C–H Amination Reaction with Phosphoryl 
Azides via Designed Novel Co(II)Porphyrins. 
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5.2.2. Performance on C–H Amination Reactions with Carbonyl Azides 
Based on the catalytic conditions optimized for the decomposition of 2a during 
the study, the scope of the Co(TPP)/TrocN3-based catalytic system toward nitrene 
insertion of other benzylic C–H bonds was investigated using different substrates (Table 
5.2).  
Like the cyclic 5ia (Table 5.2, entry 1), the benzylic C–H bonds of ethyl benzene 
(5ia) and its para-brominated derivative (5ic) could also be selectively aminated to 
provide the corresponding amine products 5ta and 5tc in 69% and 79% yields, 
respectively (Table 5.2, entries 2 and 3). Ethyl benzene derivatives substituted with alkyl 
groups such as 5id could be properly aminated with TrocN3, producing the C–H insertion 
product 5td in 74% yield (Table 5.2, entry 4). While diphenylmethane 5ie is a good 
substrate for the catalytic amination (Table 5.2, entry 5), the best results were achieved 
for the reactions of 1-ethyl and 2-ethylnaphthalene 5if and 5ig, forming the desired 
amines 5tf and 5tg in 87% and 92% yields, respectively (Table 5.2, entries 6–7). It is 
noteworthy that the Co(TPP)/TrocN3-based catalytic system was also capable of 
aminating challenging substrates such as ethyl phenylacetate 5ip to produce the α-amino 
acid derivative 5ia albeit in a low yield (Table 5.2, entry 8).  
This notable reaction presents an encouraging prospect for catalytic synthesis of 
α-amino acids via selective C–H amination directly from the corresponding carboxylic 
acids.  
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Table 5.2. Co(TPP)-Catalyzed Intermolecular C–H Amination Reactions with TrocN3.a 
 
a
 Performed in neat at 40 °C for 48 h under N2 with 5 mol % Co(TPP) in the presence of 5 Å MS: 
substrate:TrocN3 = 10:1. b Isolated yields.  
 
Also, we continued investigated the similar research in the carbonyl azide 
interamolecualr amination reaction. We found out that as seen in table 5.3. Not only 
desired oxazoline ring can be obtained, but the reaction also generate a new kind of 
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product. Currently goals are to control the chemoselectivity upon these two major 
products and to control the stereoselectivity. More important, the primary C–H bond can 
also be effectively C–H aminated with quantitative yield (Table 5.3, entry 4). 
 
Table 5.3. [Co(P1)]-Catalyzed Intramolecular Amination of Carbonyl Azides. a 
 
a
 Performed in neat at 40 °C for 24 h under N2 with 5 mol % [Co(P1)] in the presence of 4 Å MS 
with isolated yields.  
 
It is noteworthy that the proposed mechanism of this system is through radical 
addition to the carbonyl C=O bonds. Although, the desired product yield was demolished, 
the opportunity of generate new C–O functionality could be introduced.  
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5.3. Experimental Section 
General Considerations. All reactions were carried out under a nitrogen 
atmosphere in oven-dried glassware following standard Schlenk techniques. PhCl was 
distilled under nitrogen from calcium hydride, and other reagents were direct purchased 
from Aldrich. Thin layer chromatography was performed on Merck TLC plates (silica gel 
60 F254). Flash column chromatography was performed with Sorbent Technology silica 
gel (60 Å, 230-400 mesh, 32-63 µm). Proton and carbon nuclear magnetic resonance 
spectra (1H NMR and 13C NMR) were recorded on a Varian Inova400 (400 MHz), 
Dpx250 (250 MHz) or UnityInova 600 (600 MHz) instrument with chemical shifts 
reported relative to residual solvent. HPLC measurements were carried out on a 
Shimadzu HPLC system with Whelk-O1, OD-H, OJ-H, and AD-H columns. GC 
measurements were carried out on a Shimadzu GCMS system with Chiral GTA and Dex-
CB column. HRMS data was obtained on an Agilent 1100 LC/MS ESI/TOF mass 
spectrometer with electrospray ionization 
General Procedure for the Synthesis of Porphyrins: An oven-dried Schlenk 
tube equipped with a stirring bar was degassed on a vacuum line and purged with 
nitrogen. The tube was then charged with 5,15-Bis(2,6-dibromophenyl)-10,20-bis[3,5-di 
(tert-butyl)phenyl]porphyrin11 (0.2 mmol, 1 eq), amide (3.2 mmol, 16 eq), Pd(OAc)2 
(0.08 mmol, 40%), Xantphos (0.16 mmol, 80%), Cs2CO3 (3.2 mmol, 16 eq). The tube 
was capped with a Teflon screw cap, evacuated, and backfilled with nitrogen. After the 
Teflon screw cap was replaced with a rubber septum, 1,4-dioxane (10 mL) was added via 
syringe. The tube was purged with nitrogen (1-2 mins) and the septum was then replaced 
with the Teflon screw cap and sealed. The reaction mixture was heated in an oil bath at 
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100℃ with stirring for 96 hours. The resulting reaction mixture was concentrated and the 
solid residue was purified by flash chromatography to afford the designed product. 
 
N
N
NH
HN
HN
HN
O
O
NH
NH
O
O
 
3,5-DitBu-Acephyrin (AP2) Purified by chromatography on silica gel (gradient elution: 
2:1→1:1 hexanes/EtOAc); purple solid (134.4 mg, 63%): TLC Rf = 0.24 (1:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDC13): δ 9.00 (d, J = 4.4 Hz, 4H), 8.82 (s, 4H), 
8.48 (br, 4H), 8.06 (s, 4H), 7.87-7.83 (m, 4H), 6.34 (s, 4H), 1.54 (s, 36H), 1.10 (s, 12H) -
2.61 (s, 2H). 13C NMR (100 MHz, CDCl3): δ 168.0, 149.4, 139.6, 139.0, 133.8, 133.7, 
123.0, 130.5, 130.0, 121.9, 121.6, 117.5, 107.9, 35.1, 31.7, 24.2. UV–vis (CHCl3), λmax, 
nm (log ε): 419(5.38), 520(4.13), 550(3.70), 590(3.63), 645(3.47). HRMS (APCI) 
([M+H]+) Calcd. for C68H75N8O4 1067.5906, Found 1067.5915. 
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3,5-DitBu-Prophyrin (AP3) Purified by chromatography on silica gel (gradient elution: 
2:1→1:1 hexanes/EtOAc); purple solid (94.3 mg, 42%): TLC Rf = 0.40 (1:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDC13): δ 9.98 (d, J = 4.8 Hz, 4H), 8.81 (d, J = 
4.8 Hz, 4H), 8.49 (br, 4H), 8.02 (d, J = 1.6 Hz, 4H), 7.85 (t, J = 8.4 Hz, 2H), 7.84 (s, 2H), 
6.37 (br, 4H), 1.52 (s, 36H), 1.24 (s, 8H), 0.30 (s, 12H), -2.59 (s, 2H). 13C NMR (62.9 
MHz, CDCl3): δ 171.7, 149.4, 139.7, 138.9, 133.6 (br), 130.5, 130.1, 123.0, 121.9, 117.6 
(br), 108.1, 35.1, 31.7, 30.1, 8.9. UV–vis (CHCl3), λmax, nm (log ε): 425(5.05), 520(4.08), 
555(3.64), 589(3.56), 645(3.41). HRMS (APCI) ([M+H]+) Calcd. for C72H83N8O4 
1123.6532, Found 1123.6519. 
 
 
3,5-DitBu-Pivphyrin (AP4) Purified by chromatography on silica gel (gradient elution: 
4:1→2:1 hexanes/EtOAc); purple solid (118.6 mg, 48%): TLC Rf = 0.68 (1:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDC13): δ 8.93 (d, J = 4.8 Hz, 4H), 8.82 (d, J = 
4.4 Hz, 4H), 8.48 (d, J = 8.4 Hz, 4H), 7.99 (s, 4H), 7.88-7.84 (m, 4H), 6.93 (s, 4H), 1.53 
(s, 36H), 0.12 (s, 36H). -2.47 (s, 2H). 13C NMR (62.9 MHz, CDCl3): δ 176.1, 149.4, 
139.8, 138.8, 133.4, 130.5, 130.3, 123.2, 122.1, 121.8, 117.7, 107.9, 39.0, 35.0, 31.6, 26.4. 
UV–vis (CHCl3), λmax, nm (log ε): 425(5.10), 520(4.20), 555(3.80), 595(3.71), 650(3.81). 
HRMS (APCI) ([M+Na]+) Calcd. for C80H98N8O4Na 1257.7603, Found 1257.7624. 
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3,5-DitBu-Phephyrin (AP5) Purified by chromatography on silica gel (gradient elution: 
4:1→2:1 hexanes/EtOAc); purple solid (134.1 mg, 51%): TLC Rf = 0.60 (1:1 
hexanes/EtOAc). 1H NMR (250 MHz, CDC13): δ 8.98 (s, 8H), 8.76 (d, J = 8.5 Hz, 4H), 
7.99 (t, J = 5.8 Hz, 2H), 7.95 (s, 4H), 7.80 (t, J = 1.8 Hz, 2H), 7.46 (s, 4H), 6.70- 6.73 (m, 
4H), 6.47-6.37 (m, 16H), 1.45 (s, 36H), -2.41 (s, 2H). 13C NMR (62.9 MHz, CDCl3): δ 
165.2, 149.4, 139.6, 139.1, 134.2, 131.0, 130.2, 127.9, 126.1, 123.4, 121.9, 121.8, 117.4, 
107.8, 35.0, 31.6. UV–vis (CHCl3), λmax, nm (log ε): 429(4.52), 520(3.94), 555(3.68), 
595(3.54), 655(3.58). HRMS (APCI) ([M+H]+) Calcd. for C88H83N8O4 1315.6532, Found 
1315.6484. 
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General Procedure for Synthesis of Cobalt Porphyrin Complex. Porphyrin 
(0.05 mmol) and anhydrous CoCl2 (0.5 mmol) were placed in an oven-dried, resealable 
Schlenk tube. The tube was capped with a Teflon screwcap, evacuated, and backfilled 
with nitrogen. The screw cap was replaced with a rubber septum, dry THF (3-4 mL) and 
2,6-lutidine (0.25 mmol) were added via syringe. The tube was purged with nitrogen for 
1-2 minutes, and then the septum was replaced with the Teflon screw cap. The tube was 
sealed, and its contents were heated in an oil bath at 100 °C with stirring overnight. The 
resulting mixture was cooled to room temperature, taken up in ethyl acetate, and 
transferred to a separatory funnel. The mixture was washed with water 3 times and 
concentrated. The solid residue was purified by flash chromatography to afford designed 
product. 
 
N
N
N
N
HN
HN
O
O
NH
NH
O
O
Co
 
Co(AP2) Purified by chromatography on silica gel (1:1 hexanes/EtOAc); purple solid 
(46.7mg, 83%): TLC Rf = 0.24 (1:1 hexanes/EtOAc). UV–vis (CHCl3), λmax, nm (log ε): 
415(5.09), 440(4.85), 530(4.03). HRMS (APCI): ([M+H]+), Calcd. for C68H73CoN8O4 
1124.5081, Found 1124.5064. 
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Co(AP3) Purified by chromatography on silica gel (1:1 hexanes/EtOAc); purple solid 
(49.6 mg, 84%%): TLC Rf = 0.40 (1:1 hexanes/EtOAc). UV–vis (CHCl3), λmax, nm (log 
ε): 415(5.15), 440(4.99), 530(4.16). HRMS (APCI): ([M+H]+), Calcd. for C72H81CoN8O4 
1180.5707, Found 1180.5712. 
 
 
Co(AP4) Purified by chromatography on silica gel (2:1 hexanes/EtOAc); purple solid 
(58.2 mg, 90%): TLC Rf = 0.68 (1:1 hexanes/EtOAc). UV–vis (CHCl3), λmax, nm (log ε): 
415(5.25), 530(4.15). HRMS (APCI): ([M+H]+), Calcd. for C80H97CoN8O4 1292.6959, 
Found 1292.6998. 
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Co(AP5) Purified by chromatography on silica gel (2:1 hexanes/EtOAc); purple solid 
(61.1mg, 89%): TLC Rf = 0.60 (1:1 hexanes/EtOAc). UV–vis (CHCl3), λmax, nm (log ε): 
420(5.13), 530(4.04). HRMS (APCI) ([M+H]+) Calcd. for C88H81CoN8O4 1372.5707, 
Found 1372.5680. 
General Procedure for Synthesis of Phosphoryl Azides: A solution of the 
phosphoryl chloride in acetone (0.2 mol/L) was stirred in a round bottom flask. Sodium 
azide (1.5 equiv) was added in portions to the phosphoryl chloride mixture and the 
reaction was monitored by TLC to completion (typically 3-5 hrs). After the reaction was 
completed, the flask underwent rotary evaporation until most of the acetone was removed. 
The reaction mixture was purified by flash chromatography (hexane: ethyl acetate = 10:1). 
the product was visualized on TLC using UV. The fractions containing product were 
collected and concentrated by rotary evaporation to afford the compound. Note: Some 
azides could be explosive and should be handled carefully. Based on DSC experiments, 
this type of azides are stable under reaction condition used. 
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Bis(2,6-dimethylphenyl) phosphorazidate (5a) Purified by chromatography on silica 
gel (10:1 hexanes/EtOAc); White solid (530 mg, 80%): TLC Rf = 0.39 (10:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.05 (s, 6H), 2.36 (s, 12H). 13C NMR 
(62.9 MHz, CDCl3): δ 147.8 (d, J P,C = 9.4 Hz), 130.2 (d, J P,C = 3.5 Hz), 129.3 (d, J P,C = 
1.9 Hz), 125.9 (d, J P,C = 2.1 Hz), 17.0. 31P NMR (161MHz, CDCl3) δ -9.73 (s). IR (neat, 
cm-1): 2176, 1478, 1290, 1269, 1149, 1089, 967, 949, 789, 764, 754, 661. HPLC analysis: 
ee =50 %. OD-H (95% hexanes: 5% isopropanol, 1.0 ml/min): tmajor =13.2 min, tminor 
=17.0 min. 
 
 
Ethyl 2-ethylphenyl phosphorazidate (5b) Purified by chromatography on silica gel 
(10:1 hexanes/EtOAc); colorless liquid (454.3 mg, 89%): TLC Rf = 0.30 (10:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.29 (d, J = 7.6 Hz, 1H), 7.23 (d, J = 7.2 
Hz, 1H), 7.20-7.13 (m, 2H), 4.34-4.25 (m, 2H), 2.69 (q, J = 7.6 Hz, 2H), 1.40 (t, J = 7.2 
Hz, 3H), 1.22 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 148.1 (d, J P,C = 7.5 
Hz), 135.1 (d, J P,C = 6.6 Hz), 129.9, 127.1, 125.8, 119.7, 65.7 (d, J P,C = 6.7 Hz), 23.0, 
16.0 (d, J P,C = 6.5 Hz), 14.1. 31P NMR (161MHz, CDCl3) δ -4.86 (s). IR (neat, cm-1): 
2973, 2162, 1491, 1453, 1269, 1218, 1173, 1117, 1082, 981, 948, 790, 759, 606. 
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Ethyl 2-propylphenyl phosphorazidate (5c) Purified by chromatography on silica gel 
(10:1 hexanes/EtOAc); colorless liquid (457.6 mg, 85%): TLC Rf = 0.32 (10:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.29 (d, J = 8.0 Hz, 1H). 7.22-7.11 (m, 
3H), 4.33-4.25 (m, 2H), 2.62 (t, J = 7.6 Hz, 2H), 1.67-1.57 (m, 2H), 1.39 (t, J = 7.2 Hz, 
3H), 0.94 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 148.3 (d, J P,C = 6.7 Hz), 
133.5 (d, J P,C = 7.0 Hz), 130.7, 127.2, 125.6, 119.7, 65.6 (d, J P,C = 6.4 Hz), 32.0, 23.1, 
16.0 (d, J P,C = 6.4 Hz), 13.8. 31P NMR (161MHz, CDCl3) δ -4.95 (s). IR (neat, cm-1): 
2962, 2162, 1490, 1452, 1269, 1219, 1173, 1119, 1080, 978, 951, 795, 761. 
 
 
Bis(2-allyl-6-methylphenyl) phosphorazidate (5d) Purified by chromatography on 
silica gel (10:1 hexanes/EtOAc); colorless liquid (559.8 mg, 73 %): TLC Rf = 0.42 (10:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.08 (s, 6H), 5.97-5.86 (m, 2H), 5.10-
5.03 (m, 4H), 3.52 (d, J = 6.4 Hz, 4H), 2.36 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 
147.3 (d, J
 P,C = 9.2 Hz), 135.8, 132.1 (d, J P,C = 3.7 Hz), 130.4 (d, J P,C = 2.6 Hz), 129.8, 
128.5, 126.0, 116.5, 34.4, 17.2 (d, J
 P,C = 7.6 Hz). 31P NMR (161 MHz, CDCl3) δ -9.60 (s). 
IR (neat, cm-1): 2165, 1465, 1298, 1273, 1256, 1145, 1084, 968, 940, 779, 756. 
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Bis(2-benzylphenyl) phosphorazidate (5e) Purified by chromatography on silica gel 
(10:1 hexanes/EtOAc); colorless liquid (692.2 mg, 76%): TLC Rf = 0.30 (10:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.34 (d, J = 7.6 Hz, 2H), 7.28-7.11 (m, 
16H), 3.98 (s, 4H). 13C NMR (100 MHz, CDCl3): 148.2 (d, J P,C = 8.0 Hz), 139.3, 132.3 
(d, J
 P,C = 6.5 Hz), 131.5, 128.8, 128.4, 127.9, 126.2, 126.1, 120.0, 35.8. 31P NMR 
(161MHz, CDCl3) δ -9.62 (s). IR (neat, cm-1): 2167, 1488, 1451, 1300, 1270, 1217, 1163, 
1091, 969, 779, 758, 696, 609. 
 
 
Bis(2-isopropylphenyl) phosphorazidate (5f) Purified by chromatography on silica gel 
(10:1 hexanes/EtOAc); colorless liquid (567.9 mg, 79%): TLC Rf = 0.40 (10:1 
hexanes/EtOAc). 1H NMR (250 MHz, CDCl3): δ 7.36-7.28 (m, 4H), 7.23-7.16(m, 4H), 
3.27-3.15 (m, 2H), 1.17 (dd, J = 2.5, 7.0 Hz, 12H). 13C NMR (62.9 MHz, CDCl3): 147.4 
(d, J
 P,C = 8.2 Hz), 139.5 (d, J P,C = 6.7 Hz), 127.2, 126.9 (d, J P,C = 1.6 Hz), 126.2 (d, J P,C 
= 1.4 Hz), 119.7 (d, J
 P,C = 2.5 Hz), 26.8, 22.8 (d, J P,C = 3.8 Hz). 31P NMR (161MHz, 
CDCl3) δ -9.84 (s). IR (neat, cm-1): 2964, 2166, 1487, 1448, 1301, 1269, 1217, 1168, 
1079, 968, 786, 756, 609. 
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2-tert-Butyl-6-methylphenyl phenyl phosphorazidate (5h) Purified by chromatography 
on silica gel (10:1 hexanes/EtOAc); colorless liquid (559.4  mg, 81%): TLC Rf = 0.46 
(10:1 hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ. 7.41-7.35 (m, 2H), 7.30-7.23 (m, 
4H), 7.10-7.06 (m, 2H), 2.50 (s, 3H), 1.47 (s, 9H). 13C NMR (100 MHz, CDCl3): δ 149.8 
(d, J
 P,C = 7.1 Hz), 149.0 (d, J P,C = 9.4 Hz), 141.2 (d, J P,C = 5.2 Hz), 130.4, 130.2, 130.0, 
125.9, 125.6, 120.2, 120.1, 34.9, 30.6, 18.7 (d, J
 P,C = 4.9 Hz). 31P NMR (161MHz, 
CDCl3) δ -10.68 (s). IR (neat, cm-1): 2964, 2165, 1490, 1297, 1272, 1196, 1161, 1132, 
1100, 964, 940, 777, 688.  
 
 
Bis(2-tert-butylphenyl) phosphorazidate (5n) Purified by chromatography on silica gel 
(10:1 hexanes/EtOAc); colorless liquid (658.6 mg, 85%): TLC Rf = 0.46 (10:1 
hexanes/EtOAc). 1H NMR (250 MHz, CDCl3): δ 7.57 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 7.5 
Hz, 2H), 7.25-7.16 (m, 4H), 1.41 (s, 18H). 13C NMR (100 MHz, CDCl3): δ 149.4 (d, J P,C 
= 6.5 Hz), 139.8 (d, J
 P,C = 8.8 Hz), 127.9, 127.5, 125.4, 119.5, 34.7, 30.0. 31P NMR 
(161MHz, CDCl3) δ -11.54 (s). IR (neat, cm-1): 2958, 2166, 1488, 1441, 1174, 1082, 966, 
783, 753. 
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2-tert-Butylphenyl ethyl phosphorazidate (5k) Purified by chromatography on silica 
gel (10:1 hexanes/EtOAc); colorless liquid (504.2 mg, 89%): TLC Rf = 0.35 (10:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 8.0 Hz, 1H), 7.35 (d, J = 7.6 
Hz, 1H), 7.18 (t, J = 7.6 Hz, 1H), 7.10 (t, J = 7.6 Hz, 1H), 4.37-4.28 (m, 2H), 1.40 (t, J = 
7.2 Hz, 3H), 1.38 (s, 9H). 13C NMR (100 MHz, CDCl3): δ 149.5 (d, J P,C = 7.1 Hz), 139.7 
(d, J
 P,C = 8.5 Hz), 127.7, 127.4, 125.1, 119.4, 65.6 (d, J P,C = 6.1 Hz), 34.6, 30.0, 16.0 (d, 
J
 P,C = 6.2 Hz). 31P NMR (161MHz, CDCl3) δ -5.74 (s). IR (neat, cm-1): 2964, 2162, 1489, 
1442, 1297, 1268, 1191, 1089, 1028, 947, 794, 773, 756. 
 
 
Bis(2-tert-butyl-4-methoxyphenyl) phosphorazidate (5l) Purified by chromatography 
on silica gel (10:1 hexanes/EtOAc); white solid (760.8 mg, 85%): TLC Rf = 0.20 (10:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.47 (d, J = 8.8 Hz, 2H), 6.93 (dd, J = 
1.6, 2.4 Hz, 2H), 6.70 (dd, J = 2.8, 8.8 Hz, 2H), 3.78 (s, 6H), 1.37 (s, 18H). 13C NMR 
(100 MHz, CDCl3): δ 156.5, 143.1 (d, J P,C = 6.5 Hz), 141.3 (d, J P,C = 8.6 Hz), 120.1, 
114.8, 110.5, 55.5, 34.8, 29.9. 31P NMR (161MHz, CDCl3) δ -10.88 (s). IR (neat, cm-1): 
2967, 2163, 1578, 1483, 1294, 1263, 1166, 1048, 960, 875, 823, 764. 
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2-tert-Butyl-4-(N-methyl-N-phenylamino) phenyl phosphorazidate (5g)  Purified by 
chromatography on silica gel (10:1 hexanes/EtOAc); colorless solid (750.2 mg, 86%): 
TLC Rf = 0.32 (10:1 hexanes/EtOAc). 1H NMR (250 MHz, CDCl3): δ 7.37-7.28 (m, 3H), 
7.23-7.15 (m, 5H), 7.00 (dd, J = 1.8, 2.8 Hz, 1H), 6.92-6.77 (m, 4H), 3.22 (s, 3H), 1.26 (s, 
9H). 13C NMR (62.9 MHz, CDCl3): δ 149.8 (d, J P,C = 7.7 Hz), 148.8, 146.1, 144.1 (d, J 
P,C = 7.7 Hz), 140.8 (d, J P,C = 8.6 Hz), 130.0 (d, J P,C = 1.1 Hz), 129.1, 126.1 (d, J P,C = 1.6 
Hz), 121.0, 120.8, 120.3 (d, J P,C = 4.8 Hz), 120.2 (d, J P,C = 2.3 Hz), 119.6, 119.3, 40.4, 
34.8, 30.0. 31P NMR (161MHz, CDCl3) δ -10.3 (s). IR (neat, cm-1): 2167, 1593, 1489, 
1268, 1200, 1180, 1162, 1080, 966, 753. 
General Procedure for C–H Amination: An oven dried Schlenk tube, that was 
previously evacuated and backfilled with nitrogen gas, was charged with catalyst (0.002 
mmol), and 4Å MS (100 mg). The Schlenk tube was then evacuated and back filled with 
nitrogen. The Teflon screw cap was replaced with a rubber septum and then an 
approximately 0.5 ml portion of PhCF3 was added, then azide (0.2 mmol), fllowed by the 
remaining PhCF3 (total 2 mL). The Schlenk tube was then purged with nitrogen for 2 
minutes and the rubber septum was replaced with a Teflon screw cap. The Schlenk tube 
was then placed in an oil bath for the desired time and temperature. Following 
completion of the reaction, the reaction mixture was purified by flash chromatography. 
The fractions containing product were collected and concentrated by rotary evaporation 
to afford the compound. 
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5ap (Table 5.1, entry 1-2) Purified by chromatography on silica gel (1:1 
hexanes/EtOAc); white solid (56.9 mg, 99%): TLC Rf = 0.36 (1:1 hexanes/EtOAc). 1H 
NMR (400 MHz, CDCl3): δ 7.13 (d, J = 7.6 Hz, 1H), 7.02-6.95 (m, 4H), 6.90 (d, J = 7.6 
Hz, 1H), 4.46-4.39 (m, 1H), 4.26-4.12 (m, 2H), 2.36 (s, 6H), 2.31 (s, 3H). 13C NMR (62.9 
MHz, CDCl3): δ 149.8 (d, J P,C = 7.8 Hz), 148.6 (d, J P,C = 8.6 Hz), 130.1 (d, J P,C = 3.3 
Hz), 128.9 (d, J
 P,C = 1.7 Hz), 128.0 (d, J P,C = 7.5 Hz), 124.9 (d, J P,C = 1.9 Hz), 123.9, 
123.7, 123.5, 123.3, 43.3 (d, J
 P,C = 3.1 Hz), 17.1, 15.6. 31P NMR (161MHz, CDCl3) δ -
1.08 (s). IR (neat, cm-1): 3238, 1469, 1261, 1168, 1088, 983, 780, 761, 721, 651. HRMS 
(ESI) ([M+H]+) Calcd. for C16H19NO3P: 304.1097 Found: 304.1089.   
 
(dr: 65/35) 
5bp (Table 2, entry 3) was obtained using the general procedure in 94% yield, 
determined by mixture NMR. 1H NMR (250 MHz, CDCl3): δ 7.24-6.97 (m, 4H), 4.57-
4.52 (m, 1H), 4.20-4.07 (m, 2H), 3.60 (br, 0.35), 3.20 (br, 0.65), 1.56 (dd, J = 2.5, 6.8 Hz, 
1.95H), 1.52 (d, J = 7 Hz, 1.05H), 1.32-1.26 (m, 3H). 13C NMR (62.9 MHz, CDCl3): δ 
150.7 (d, J
 P,C = 6.9 Hz), 150.0 (d, J P,C = 7.0 Hz), 128.7, 128.6, 128.5 (d, J P,C = 1.6 Hz), 
128.3, 128.2, 126.5, 125.6, 123.8, 123.7, 119.2 (d, J
 P,C = 5.1 Hz), 119.1 (d, J P,C = 5.2 Hz), 
63.0 (d, J
 P,C = 5.3 Hz), 50.3 (d, J P,C = 2.6 Hz), 49.2 (d, J P,C = 2.3 Hz), 24.3 (d, J P,C = 1.9 
Hz), 22.3 (d, J
 P,C = 10.4 Hz), 16.2 (d, J P,C = 1.6 Hz), 16.1 (d, J P,C = 1.5 Hz). 31P NMR 
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(161MHz, CDCl3) δ 2.44 (s), 2.23 (s). IR (neat, cm-1): 3207, 2979, 1487, 1448, 1311, 
1249, 1217, 1082, 928, 804, 757. HRMS (APCI) ([M+H]+) Calcd. for C10H15NO3P 
228.0784, Found 228.0786. 
 
 (dr: 55/45) 
5cp (Table 5.1, entry 4) was obtained using the general procedure in 90% yield, 
determined by mixture NMR. 1H NMR (400 MHz, CDCl3): δ 7.22-7.18 (m, 1H), 7.09-
6.99 (m, 3H), 4.39-4.31 (m, 0.45H), 4.22-4.04 (m, 2.55H), 3.80 (t, J = 6.8 Hz, 0.55H), 
3.31 (br, 0.45H), 1.98-1.73 (m, 2H), 1.33 (t, J = 6.8 Hz, 1.65H), 1.26 (t, J = 7.2 Hz, 
1.35H), 1.02 (t, J = 7.2 Hz, 1.65H), 0.98 (t, J = 7.2 Hz, 1.35H). 13C NMR (100 MHz, 
CDCl3): δ 150.9 (d, J P,C = 7.1 Hz), 150.1 (d, J P,C = 6.5 Hz), 128.7, 128.5, 127.8 (d, J P,C = 
10.2 Hz), 127.1, 126.9, 126.4, 123.9, 123.5, 119.4, 119.3, 119.2, 63.2 (d, J
 P,C = 5.5 Hz), 
63.1 (d, J
 P,C = 5.0 Hz), 56.9, 55.7, 30.5, 29.9 (d, J P,C = 6.4 Hz), 16.2 (d, J P,C = 7.0 Hz), 
10.7, 9.2. 31P NMR (161MHz, CDCl3) δ 2.51 (s). IR (neat, cm-1): 3176, 2926, 2854, 1453, 
1263, 1241, 1218, 1041, 934, 891, 771, 744. HRMS ((APCI)) ([M+H]+) Calcd. for 
C11H17NO3P 242.0941, Found 242.0948. 
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O
O
(dr: 53/47) 
5dp (Table 5.1, entry 5) was obtained using the general procedure in 74% yield, 
determined by mixture NMR. Major isomer: 1H NMR (400 MHz, CDCl3): δ 7.14 (d, J = 
7.2 Hz, 1H), 7.07-6.95 (m, 5H), 6.01-5.89 (m, 2H), 5.46-5.36 (m, 2H), 5.06-4.98 (m, 3H), 
3.50 (d, J = 6.4 Hz, 2H), 3.40-3.37 (m, 1H), 2.37 (s, 3H), 2.31(s, 3H). 13C NMR (100 
MHz, CDCl3): δ 148.9, 137.0, 136.9, 136.4, 131.8, 130.7, 130.2, 129.6, 128.1, 125.2, 
124.5, 123.6, 119.1, 116.3, 57.7, 34.8, 17.4, 15.8. 31P NMR (161MHz, CDCl3) δ -4.40 (s). 
IR (neat, cm-1): 2962, 2924, 1465, 1262, 1239, 1162, 1081, 1032, 958, 803. HRMS (ESI) 
([M+H]+) Calcd. for C20H23NO3P 356.1410, Found 356.1415. Minor isomer: 1H NMR 
(400 MHz, CDCl3): δ 7.13 (d, J = 7.6 Hz, 1H), 7.04-6.90 (m, 5H), 6.09-5.89 (m, 2H), 
5.19-5.00 (m, 4H), 4.89-4.81 (m, 1H), 4.28-4.23 (m, 1H), 3.49 (d, J = 6.4 Hz, 2H), 2.36 
(s, 3H), 2.31(s, 3H). 13C NMR (100 MHz, CDCl3): δ 148.7 (d, J P,C = 8.0 Hz), 148.4 (d, J 
P,C = 7.8 Hz), 138.4, 136.3, 131.9, 130.4, 130.2, 129.4, 128.4, 128.3, 127.9, 125.1, 123.6, 
116.6, 116.2, 57.8, 34.9, 17.6 (d, J
 P,C = 6.0 Hz), 15.7 (d, J P,C = 6.1 Hz). 31P NMR 
(161MHz, CDCl3) δ -2.41 (s). IR (neat, cm-1): 1464, 1255, 1198, 1162, 1081, 933, 781, 
756. HRMS (ESI) ([M+H]+) Calcd. for C20H23NO3P 356.1410, Found 356.1407. 
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(dr: 91/9) 
5ep (Table 5.1, entry 6) was obtained using the general procedure in 83% yield, 
determined by mixture NMR. Major isomer: 1H NMR (400 MHz, CDCl3): δ 7.30-6.94 (m, 
17H), 6.74 (d, J = 7.6 Hz, 1H), 5.59 (dd, J = 3.6, 14.4 Hz, 1H), 3.71 (d, J = 2.0 Hz, 2H), 
3.66-3.62 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 150.0 (d, J P,C = 7.8 Hz), 149.3 (d, J 
P,C = 6.9 Hz), 141.3 (d, J P,C = 3.7 Hz), 139.9, 131.9 (d, J P,C = 7.2 Hz), 131.0, 129.3, 
128.9, 128.8, 128.5, 128.4, 128.3, 128.1, 127.6, 125.9, 124.9, 124.4, 120.0, 119.4 (d, J
 P,C 
= 7.8 Hz), 58.8, 35.9. 31P NMR (161MHz, CDCl3) δ -5.11 (s). IR (neat, cm-1): 2920, 2850, 
1600, 1552, 1295, 1264, 1095, 733, 698. HRMS (ESI) ([M+H]+) Calcd. for C26H23NO3P 
428.1410, Found 428.1409. Minor isomer: 1H NMR (400 MHz, CDCl3): δ 7.47-6.94 (m, 
17H), 6.61 (d, J = 7.6 Hz, 1H), 5.21 (s, 1H), 3.87 (s, 2H), 3.32 (d, J = 8.0 Hz, 1H). 31P 
NMR (161MHz, CDCl3) δ -6.16 (s). IR (neat, cm-1): 2924, 2852, 1602, 1488, 1277, 1215, 
1173, 1098, 757, 698. HRMS (ESI) ([M+Na]+) Calcd. For C26H22NO3PNa 450.1230, 
Found 450.1227. 
 
 
5fp (Table 5.1, entry 7) Purified by chromatography on silica gel (1:1 hexanes/EtOAc); 
colorless liquid (56.3mg, 85%): TLC Rf = 0.50 (1:1 hexanes/EtOAc). 1H NMR (400 MHz, 
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CDCl3): δ 7.39 (d, J = 7.6 Hz, 1H), 7.25-7.19 (m, 3H), 7.14-7.08 (m, 3H), 7.02 (d, J = 8.0 
Hz, 1H), 3.99 (d, J P,H = 8.8 Hz, 1H), 3.17-3.09 (m, 1H), 1.63 (d, J = 2.8 Hz, 3H), 1.61 (s, 
3H), 1.11 (d, J = 6.8 Hz, 3H), 1.07 (d, J = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 
149.1 (d, J
 P,C = 7.4 Hz), 148.4 (d, J P,C = 7.2 Hz), 139.1 (d, J P,C = 6.1 Hz), 131.8 (d, J P,C 
= 8.7 Hz), 128.7, 126.6 (d, J
 P,C = 6.1 Hz), 125.4, 124.9, 124.4, 119.8, 119.6 (d, J P,C = 8.6 
Hz), 56.4, 32.4 (d, J
 P,C = 9.8 Hz), 32.1, 26.8, 22.8 (d, J P,C = 9.8 Hz). 31P NMR (161MHz, 
CDCl3) δ -4.26 (s). IR (neat, cm-1): 3199, 2964, 1487, 1447, 1266, 1206, 1179, 1083, 
1038, 930, 795, 753. HRMS (ESI) ([M+Na]+) Calcd. for C18H22NO3P 354.1230, Found 
354.1235. 
 
  
5hpa, 5hpb (5hpa/5hpb = 76/24) (Table 5.1, entry 8-9) Purified by chromatography on 
silica gel (1:1 hexanes/EtOAc); colorless liquid (60.9mg, 96%): TLC Rf = 0.36 (1:1 
hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.31-7.11 (m, 6H), 7.04-6.95 (m, 
1.24H), 6.88 (d, J = 6.8 Hz, 0.76H), 4.36-4.25 (m, 1.76H), 4.17-4.03 (m, 0.76H), 3.46-
3.37 (m, 0.24H), 2.86-2.73 (m, 0.24H), 2.25 (s, 0.72H), 1.38 (s, 6.84H), 1.34 (s, 0.72H), 
1.26 (s, 0.72H). 13C NMR (62.9 MHz, CDCl3): δ 150.8 (d, J P,C = 6.9 Hz), 150.6 (d, J P,C = 
7.3 Hz), 150.1 (d, J
 P,C = 8.3 Hz), 146.1 (d, J P,C = 7.3 Hz), 139.8 (d, J P,C = 6.8 Hz), 136.8 
(d, J
 P,C = 2.3 Hz), 131.7 (d, J P,C = 5.2 Hz), 129.6, 129.5 (d, J P,C = 1.9 Hz), 126.8 (d, J P,C 
= 1.8 Hz), 126.3, 125.2, 125.1, 125.0 (d, J
 P,C = 1.3 Hz), 124.9, 124.8 (d, J P,C = 1.2 Hz), 
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124.5 (d, J
 P,C = 0.9 Hz), 123.5, 120.6 (d, J P,C = 4.7 Hz), 120.5 (d, J P,C = 4.7 Hz), 52.4 (d, 
J
 P,C = 1.7 Hz), 43.7 (d, J P,C = 3.0 Hz), 40.8, 34.8, 29.9, 29.1, 28.0, 17.4. 31P NMR 
(161MHz, CDCl3) δ 2.19 (s, 2Hb), -1.55 (s, 2Ha). IR (neat, cm-1): 3239, 2964, 1489, 
1436, 1265, 1207, 1174, 933, 778, 785, 690. HRMS (ESI) ([M+1]+) Calcd. for 
C17H21NO3P: 318.1254, Found 318.1243. 
 
 
5np (Table 5.1, entry 13) Purified by chromatography on silica gel (1:1 hexanes/EtOAc); 
white solid (69.0 mg, 96%): TLC Rf = 0.34 (1:1 hexanes/EtOAc). 1H NMR (250 MHz, 
CDCl3): δ 7.62 (d, J = 8.0 Hz, 1H), 7.33-7.02 (m, 7H), 4.45-4.31 (m, 1H), 3.57-3.44 (m, 
1H), 2.98-2.77 (m, 1H), 1.35 (s, 3H), 1.29 (s, 3H), 1.28 (s, 9H). 13C NMR (62.9 MHz, 
CDCl3): δ 150.2 (d, J P,C = 6.3 Hz), 147.4 (d, J P,C = 7.1 Hz), 139.2 (d, J P,C = 8.7 Hz), 
137.1 (d, J
 P,C = 2.1 Hz), 129.1 (d, J P,C = 1.6 Hz), 128.1, 127.2 (d, J P,C = 7.1 Hz), 125.7 
(d, J
 P,C = 1.5 Hz), 124.0, 123.4 (d, J P,C = 5.4 Hz), 119.3 (d, J P,C = 2.7 Hz), 51.9, 40.8, 
34.5, 29.8, 28.8, 27.5. 31P NMR (161MHz, CDCl3) δ 0.96 (s). IR (neat, cm-1): 3258, 2961, 
2923, 1486, 1440, 1253, 1187, 1089, 937, 754. HRMS (ESI) ([M+Na]+) Calcd. for 
C20H26NO3PNa: 382.1543, Found 382.1547. 
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5kp (Table 5.1, entry 11) Purified by chromatography on silica gel (1:1 hexanes/EtOAc); 
white solid (48.5 mg, 95%): TLC Rf = 0.28 (1:1 hexanes/EtOAc). 1H NMR (400 MHz, 
CDCl3): δ 7.30 (dd, J = 1.6, 7.6 Hz, 1H), 7.19-7.04 (m, 3H), 4.22-4.12 (m, 2H), 3.62 (br, 
1H), 3.40 (dt, J = 9.6, 14.8 Hz, 1H), 2.92-2.79 (m, 1H), 1.34 (s, 3H), 1.32 (t, J = 6.8 Hz, 
3H), 1.27 (s, 3H). 13C NMR (100 MHz, CDCl3): δ. 147.5 (d, J P,C = 7.1 Hz), 137.0, 129.3, 
128.1, 125.4, 123.1 (d, J
 P,C = 4.5 Hz), 63.1 (d, J P,C = 5.1 Hz), 52.3, 40.8, 28.9, 28.0, 16.1 
(d, J
 P,C = 5.0 Hz). 31P NMR (161MHz, CDCl3) δ 7.63 (s). IR (neat, cm-1): 3232, 1487, 
1436, 1246, 1203, 1110, 1036, 973, 935, 922, 847, 771. HRMS (ESI) ([M+Na]+) Calcd. 
for C12H18NO3PNa 278.0917, Found. 278.0932. 
 
 
5lp (Table 5.1, entry 12) Purified by chromatography on silica gel (1:1 hexanes/EtOAc); 
white solid  (81.4 mg, 97%): TLC Rf = 0.28 (1:1 hexanes/EtOAc). 1H NMR (400 MHz, 
CDCl3): δ 7.49 (d, J = 8.8 Hz, 1H), 7.01 (dd, J = 1.2, 8.8 Hz, 1H), 6.84 (d, J = 2.0 Hz, 
1H), 6.79 (d , J = 2.8 Hz, 1H), 6.68 (dd, J = 2.8, 8.8 Hz, 1H), 6.61 (dd, J = 2.8, 8.8 ), 
4.51-4.42 (m, 1H), 3.75 (s, 3H), 3.74 (s, 3H), 3.49-3.40 (m, 1H), 2.89-2.75 (m, 1H), 1.29 
(s, 3H), 1.25 (s, 9H), 1.24 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 156.9, 155.5, 144.0 (d, 
J
 P,C = 6.2 Hz), 141.2 (d, J P,C = 6.5 Hz), 140.8 (d, J P,C = 8.3 Hz) 138.3, 124.0 (d, J P,C = 
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5.1 Hz), 119.9, 115.0, 114.2, 112.3, 110.2, 55.6, 55.5, 51.8, 40.8, 34.6, 29.7, 28.7, 27.5. 
31P NMR (161MHz, CDCl3) δ 2.04 (s). IR (neat, cm-1): 1486, 1280, 1263,1190, 1176, 
1108, 1050, 1040, 939, 898, 888, 880, 820. HRMS (ESI) ([M+H]+) Calcd. for 
C22H31NO5P 420.1934, Found 420.1942. 
 
 
5gp (Table 5.1, entry 10) Purified by chromatography on silica gel (1:1 hexanes/EtOAc); 
yellow solid (65.3 mg, 80%): TLC Rf = 0.45 (1:1 hexanes/EtOAc). 1H NMR (400 MHz, 
CDCl3): δ 7.34-7.13 (m, 7H), 7.01-6.84 (m, 6H), 4.06-3.98 (m, 1H), 3.49-3.40 (m, 1H), 
3.26 (s, 3H), 2.86-2.73 (m, 1H), 1.31 (s, 3H), 1.20 (s, 3H). 13C NMR (100 MHz, CDCl3): 
δ. 150.8 (d, J P,C = 6.5 Hz), 148.9, 146.5, 142.0 (d, J P,C = 6.7 Hz), 137.5, 129.6, 129.1, 
124.9, 124.0 (d, J P,C = 5.0 Hz), 122.7, 121.6, 120.5, 120.4, 118.7, 52.3, 41.0, 40.3, 28.9, 
28.1. 31P NMR (161MHz, CDCl3) δ 3.21 (s). IR (neat, cm-1): 1594, 1488, 1258, 1188, 
927, 907, 731, 690. HRMS (ESI) ([M+H]+) Calcd. for C23H26N2O3P 409.1676, Found. 
409.1667. 
                
 
Experimental Procedure for Preparation of Amino Alcohol 5lpa: 
130 
 
The cyclophosphoramidates 5lpa (41.9 mg, 0.1 mmol) was treated with lithium 
aluminium hydride (16 mg, 0.4 mmol) in dry THF (5 ml) at 0 oC. The mixture was stirred 
for 10 h at room temperature, then quenched with 0.02 mL H2O, 0.02 mL NaOH (15% 
aqueous solution) and finally 0.1 mL of H2O. The mixture was stirred for additional 1h, 
then was filtered over celite and washed with Et2O (10mL). The organic phase is 
collected and dried over Na2SO4. Evaporation of the solvent under reduced pressure. 
After column chromatography on silica gel (gradient elution: 50:2:1→ 0:50:1 
DCM/MeOH/Et3N), the product 3n was obtained as a white solid (13.8 mg , 72%): TLC 
Rf = 0.5 (35:25:1 DCM/MeOH/Et3N). 1H NMR (250 MHz, CDCl3): δ 6.80 (d, J = 5.0 Hz, 
1H), 6.77 (s, 1H), 6.66 (dd, J = 3.0, 8.8 Hz, 1H), 4.93 (br, 3H), 3.73 (s, 3H), 2.91 (s, 2H), 
1.38 (s, 6H). 13C NMR (62.9 MHz, CDCl3): δ 152.2, 150.9, 134.6, 119.0, 113.9, 111.7, 
55.8, 52.9, 39.6, 25.9. IR (neat, cm-1): 3341, 2954, 1466, 1410, 1280, 1211, 1042, 1022, 
809, 759. HRMS (ESI) ([M+H]+) Calcd. for C11H18NO2 196.1332, Found. 196.1336. 
 
 
 
Experimental Procedure for Preparation N–Protected Amino Alcohol 5lpb   
The cyclophosphoramidates 5lpb (20.9 mg, 0.05 mmol) was added to 5 M NH3/MeOH 
(1 ml) and THF (1 ml). The solution was stirred for overnight at room temperature, 
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Evaporation of the solvent under reduced pressure. After column chromatography on 
silica gel (gradient elution: 1:1→ 0:1 hexanes/EtOAc), the product 4n was obtained as a 
white solid (12.2 mg , 85%): TLC Rf = 0.46 (EtOAc). 1H NMR (250 MHz, CDCl3): δ 
7.40 (br, 1H), 6.76-6.69 (m, 2H), 6.60-6.54 (m, 1H), 3.72 (s, 3H), 3.55 (d, J = 11.3 Hz, 
6H), 3.31 (t, J = 7.0 Hz, 2H), 2.58-2.50 (m, 1H), 1.34 (s, 6H). 13C NMR (62.9 MHz, 
CDCl3): δ 153.0, 149.1, 132.8, 117.4, 115.5, 111.5, 55.7, 53.0 (d, J P,C = 5.5 Hz), 50.3, 
39.4 (d, J P,C = 7.5 Hz), 26.0. 31P NMR (161MHz, CDCl3) δ 13.1 (s). IR (neat, cm-1): 1422, 
1289, 1210, 1103, 1028, 877, 831, 759. HRMS (ESI) ([M+Na]+) Calcd. for 
C13H22NO5PNa 326.1128, Found. 326.1126. 
Experimental Procedure for New Chiral Porphyrin Ligands   
The cyclopropane amides 
 
 
Co(P1) (1 mol %) and DMAP (40 mol %) were placed in an oven dried, 
resealable Schlenk tube. The tube was capped with a Teflon screwcap, evacuated, and 
backfilled with nitrogen. The screwcap was replaced with a rubber septum, and toluene 
(8 ml) and 10 equiv of olefin (15 mmol) were added via syringe, after cooled to -60 oC, 
followed by 1.0 equiv of tBDA (1.5 mmol) and toluene again (2 ml). The tube was 
purged with nitrogen for 1 min and its contents were stirred at -60 oC for one day, then     
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-40 oC for one day, -20 oC for one day and 0 oC for one day. After the reaction finished, 
the resulting mixture was concentrated and the residue was purified by flash silica gel 
chromatography to give the (1R,2R)-tert-butyl 2-carbamoylcyclopropanecarboxylate in 
99% yield with only one diastereomer in 98% ee.  
 
 
(1R,2R)-tert-butyl 2-carbamoylcyclopropanecarboxylate (5zz): 1H NMR (400 MHz, 
CDCl3): δ 5.92 (dd, J = 5.72, 3.59 Hz, 1H), 2.12-2.01 (m, 1H), 1.93 (ddd, J = 9.17, 5.69, 
3.86 Hz, 1H), 1.44 (s, 9H), 1.37 (ddd, J = 11.24, 5.51, 3.52 Hz, 1H), 1.27 (ddd, J = 9.18, 
5.74, 3.73 Hz, 1H). 13C NMR (62.5 MHz, CDCl3): δ 173.038, 171.675, 81.171, 77.321, 
77.003, 76.685, 28.033, 23.106, 22.882, 14.849.  
General Procedure for the Synthesis of New Generation of Porphyrins: An 
oven-dried Schlenk tube equipped with a stirring bar was degassed on a vacuum line and 
purged with nitrogen. The tube was then charged with 5,15-Bis(2,6-dibromophenyl)-
10,20-bis[3,5-di (tert-butyl)phenyl]porphyrin NP0T11 ( 0.2 mmol, 1 eq), amide (3.2 
mmol, 16 eq), Pd(OAc)2 (0.08 mmol, 40%), Xantphos (0.16 mmol, 80%), Cs2CO3 (3.2 
mmol, 16 eq). The tube was capped with a Teflon screw cap, evacuated, and backfilled 
with nitrogen. After the Teflon screw cap was replaced with a rubber septum, 1,4-dioxane 
(10 mL) was added via syringe. The tube was purged with nitrogen (1-2 mins) and the 
septum was then replaced with the Teflon screw cap and sealed. The reaction mixture 
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was heated in an oil bath at 100℃ with stirring for 96 hours. The resulting reaction 
mixture was concentrated and the solid residue was purified by flash chromatography to 
afford the designed product. 
 
 
 
 
[H2(P9)] were synthesized according to our previous reported procedure,11-12 with 89% 
yield. 1H NMR (400 MHz, CDCl3): δ 9.02 (d, J = 3.76 Hz,4H), 8.79 (d, J = 3.55 Hz,4H), 
8.53 (s,4H), 8.16 (s,4H), 7.84 (d, J = 9.49 Hz,4H), 6.68 (s,4H), 1.81 (d, J = 3.68 Hz,4H), 
1.55 (s,40H), 1.05 (d, J = 28.53 Hz,36H), 0.49 (s,8H), -2.44 (s,2H). 13C NMR (100 MHz, 
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CDCl3): δ 170.610, 168.665, 149.150, 140.007, 139.017, 133.705, 130.173, 123.159, 
121.547, 116.971, 116.939, 106.897, 80.662, 77.298, 76.980, 76.663, 35.086, 31.706, 
27.640, 24.060, 22.797, 15.066. HRMS (ESI) ([M+Na]+) Calcd. for C96H106N8O12: 
1593.8448, Found 1593.8510. UV–vis (CHCl3), λmax nm (log ε): 421(5.27), 517(4.77), 
552(4.37), 592(4.27), 648(4.18). 
 
N
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[H2(P9)] were synthesized according to our previous reported procedure,11-12 with 60% 
yield. 1H NMR (400 MHz, CDCl3): δ 8.84 (d, J = 4.75 Hz,4H), 8.70 (d, J = 4.69 Hz,4H), 
8.57-8.28 (m,2H), 7.76 (m,4H), 7.01 (d, J = 8.52 Hz,4H), 6.73 (s,2H), 3.51 (s, 12H), 
1.90-1.72 (m,4H), 1.18 (dd, J = 7.95, 5.32 Hz,4H), 1.05 (d, J = 30.46 Hz,36H), 0.91 (ddd, 
J = 14.20, 9.41, 3.73 Hz,8H), -2.12-2.75 (m,1H). 13C NMR (100 MHz, CDCl3): δ 
170.405, 168.844, 160.314, 138.959, 130.832, 130.134, 118.562, 117.721, 117.699, 
114.088, 106.366, 104.217, 80.511, 77.305, 76.987, 76.670, 55.852, 29.678, 27.655, 
23.986, 22.767, 14.877. HRMS (ESI) ([M+H]+) Calcd. for C84H90N8O16: 1467.6548, 
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Found 1467.6509. UV–vis (CH3Cl), λmax nm (log ε): 421(5.2), 515(4.19), 548(3.58), 
588(3.65), 644(3.40). 
 
 
[H2(P20)] were synthesized according to our previous reported procedure,11-12 with 70% 
yield. 1H NMR (400 MHz, CDCl3): δ 9.01 (d, J = 4.73 Hz,4H), 8.79 (d, J = 4.66 Hz,4H), 
8.69-8.40 (m,4H), 8.15 (s,2H), 7.84 (d, J = 7.97 Hz,4H), 6.68 (s,4H), 1.86 (dd, J = 8.61, 
4.33 Hz,4H), 1.57 (d, J = 14.98 Hz, 36H), 0.50 (s,7H), 1.27 (s,4H), 1.21-1.10 (m,12H), 
1.01 (m, 24H), -2.24-2.60 (s,2H),. 13C NMR (100 MHz, CDCl3): δ 170.478, 168.782, 
149.157, 140.022, 139.041, 133.646, 130.239, 123.172, 121.536, 116.961, 116.904, 
106.872, 106.834, 82.233, 77.311, 76.993, 76.675, 36.261, 36.097, 35.092, 31.712, 
29.684, 25.018, 23.951, 22.782, 21.672, 15.088. HRMS (ESI) ([M+K]+) Calcd. for 
C109H133N8O12: 1769.944, Found 1769.9499. UV–vis (CH3Cl), λmax nm (log ε): 
450(4.966), 520(4.24), 550(3.97), 596(4.04), 648(4.30). 
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General Procedure for Synthesis of Cobalt Porphyrin Complex. Porphyrin 
(0.05 mmol) and anhydrous CoCl2 (0.5 mmol) were placed in an oven-dried, resealable 
Schlenk tube. The tube was capped with a Teflon screwcap, evacuated, and backfilled 
with nitrogen. The screw cap was replaced with a rubber septum, dry THF (3-4 mL) and 
2,6-lutidine (0.25 mmol) were added via syringe. The tube was purged with nitrogen for 
1-2 minutes, and then the septum was replaced with the Teflon screw cap. The tube was 
sealed, and its contents were heated in an oil bath at 100℃ with stirring overnight. The 
resulting mixture was cooled to room temperature, taken up in ethyl acetate, and 
transferred to a separatory funnel. The mixture was washed with water 3 times and 
concentrated. The solid residue was purified by flash chromatography to afford designed 
product. 
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 [Co(P9)] were synthesized according to our previous reported procedure11-12 with 98% 
yield. HRMS (ESI) ([M+Na]+) Calcd. for C96H112CoN8O12: 1651.7656, Found 1651.7702. 
UV–vis (CHCl3), λmax nm (log ε): 413(4.93), 529(4.74), 558(5.36)  
 
 
[Co(P10)] were synthesized according to our previous reported procedure11-12 with 98% 
yield. HRMS (ESI) ([M+Na]+) Calcd. for C84H88CoN8O16: 1547.5574, Found 1547.5623. 
UV–vis (CHCl3), λmax nm (log ε): 413(4.93), 529(4.44), 557(4.16)  
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General Procedures for Synthesis of Carbonyl Azides:  
 
Method A: Phenethyl carbonazidate (5aa): To a stirred solution of the 2-
phenylethanol) (1 mmol) in THF (15 ml) under N2 was added the di(1H-imidazol-1-
yl)methanone (3 mmol), and then the reaction mixture was stirred for 5 hours at room 
temperautrure. TMSN3 (1.5 mmol) was then added, followed by 3ml of water and 3 ml of 
ethyl acetate, and the reaction mixture was stirred at room temperature for 3 hours. 
Purification of the crude residue by flash chromatography on silica gel (hex/ethyl acetate) 
afforded the pure carbonyl azide as a light yellow liquid in 98% yield:   
Method B: To a well-stirred suspension of NaN3 (1.95 g, 30 mmol) in MeCN (40 
mL) protected from light by aluminum foil, Acyloxyl chloride (20 mmol) was added at 
room temperature. The reaction was monitored by TLC. After the reaction finished, the 
mixture was then poured into a flash chromatography column filled with celite(dry) and 
was washed with methylene chloride until all the product was washed out. The product 
was collected and concentrated by rotary evaporation at room temperature to give the 
pure compound. The product was further purified by flash silica gel chromatography 
column. 
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2,2,2-Trichloro-1,1-dimethylethyloxycarbonyl azide (5af) was obtained using the 
general procedure as colorless solid in 90% yield. 1H NMR (250 MHz, CDCl3): δ 1.97 (s, 
6H). 13C NMR (CDCl3, 62.9 MHz): δ 154.4, 104.9, 91.4, 21.1. IR (neat, cm-1): 2201, 
2144, 1717, 1261, 1240, 1209, 1139, 831, 789, 759. 
 General Procedures for Intramolecular or Intermolecular C–H Amination 
with TrocN3: 4 Å molecular sieves (100 mg) were placed in a resealable Schlenk tube, 
and dried in an oven for 24 h. Catalyst (5 mol %) was placed in this tube, which was 
capped with a Teflon screwcap, evacuated, and backfilled with nitrogen. The screwcap 
was replaced with a rubber septum, and TrocN3 (0.4 mmol), followed by 10 equivalents 
substrate. The tube was purged with nitrogen for 1 min. The rubber septum was replaced 
with a screwcap. The reaction was performed at 40 0C for 48h. After the reaction finished, 
the resulting mixture was purified directly by flash silica gel chromatography to give the 
product.  
 
NHTroc
 
2,2,2-Trichloroethyl-1,2,3,4-tetrahydronaphthalen-1-ylcarbamate (5ta). 1H NMR 
(250 MHz, CDCl3): δ 7.35-7.31 (m, 1H), 7.21-7.08 (m, 3H), 5.22 (br, 1H), 4.98-4.72 (m, 
3H), 2.83-2.75 (m, 2H), 2.10-2.05 (m, 1H), 1.93-1.82 (m, 3H). 13C NMR (62.9 MHz, 
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CDCl3): δ 154.0, 137.4, 136.0, 129.2, 128.6, 127.5, 126.3, 95.7, 74.4, 49.6, 30.2, 29.1, 
20.0. IR (neat, cm-1): 3320, 2930, 2359, 1704, 1527, 1235, 1082, 1034, 711. HRMS (ESI) 
([M+H]+) Calcd. for C13H15Cl3NO2: 322.0163, Found 322.0161. 
 
 
2,2,2-Trichloroethyl-1-phenylethylcarbamate7 (5tb). 1H NMR (250 MHz, CDCl3): δ 
7.37-7.25 (m, 5H), 5.30 (br, 1H), 4.92-4.85 (m, 1H), 4.79-4.65 (m, 2H), 1.53 (d, J = 7.0 
Hz, 3H). 13C NMR (62.9 MHz, CDCl3): δ 153.7, 142.7, 128.7, 127.5, 125.9, 95.5, 74.4, 
51.0, 22.2. IR (neat, cm-1): 3327, 2361, 1716, 1522, 1234, 1117, 1088. HRMS (ESI) 
([M+H]+) Calcd. for C11H13Cl3NO2: 296.0006, Found 296.0005. 
 
 
2,2,2-Trichloroethyl-1-(4-bromophenyl)ethylcarbamate (5tc). 1H NMR (250 MHz, 
CDCl3): δ 7.47 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H), 5.25 (br, 1H), 4.86-4.64 (m, 
3H), 1.50 (d, J = 6.8 Hz, 3H). 13C NMR (62.9 MHz, CDCl3): δ 153.6, 141.9, 131.7, 127.6, 
121.2, 95.4, 74.4, 50.5, 22.1. IR (neat, cm-1): 3397, 2982, 2929, 1712, 1513, 1232, 1058, 
1008, 824, 710. HRMS (ESI) ([M+H]+) Calcd. For C11H12BrCl3NO2: 375.9079, Found: 
375.9017. 
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2,2,2-Trichloroethyl-1-(3,5-diethylphenyl)ethylcarbamate (5td). 1H NMR (250 MHz, 
CDCl3): δ 6.98 (s, 3H), 5.27 (br, 1H), 4.91-4.67 (m, 3H), 2.63 (q, J = 7.5 Hz, 4H), 1.53 (d, 
J = 6.8 Hz, 3H), 1.24 (t, J = 7.5 Hz, 6H). 13C NMR (62.9 MHz, CDCl3): δ 153.7, 144.7, 
142.7, 126.7, 122.8, 95.6, 74.4, 51.1, 28.8, 22.3, 15.6. IR (neat, cm-1): 3333, 2965, 2929, 
2360, 1719, 1523, 1234, 1116, 1087. HRMS (ESI) ([M+H]+) Calcd. for C15H21Cl3NO2: 
352.0632, Found 352.0623. 
 
 
2,2,2-Trichloroethyl-benzhydrylcarbamate (5te). 1H NMR (250 MHz, CDCl3): δ 7.24-
7.13 (m, 10H), 5.90 (d, J = 8.0 Hz, 1H), 5.61 (d, J = 7.3 Hz, 1H), 4.64 (s, 2H). 13C NMR 
(62.9 MHz, CDCl3): δ 153.8, 140.9, 128.7, 127.7, 127.2, 95.4, 74.6, 59.0. IR (neat, cm-1): 
3301, 2921, 2360, 1709, 1528, 1134, 1024, 761. HRMS (ESI) ([M+H]+) Calcd. for 
C16H14Cl3NO2: 358.0163, Found 358.0156. 
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2,2,2-Trichloroethyl-1-(naphthalen-1-yl)ethylcarbamate (5tf). 1H NMR (250 MHz, 
CDCl3): δ 8.13 (d, J = 7.5 Hz, 1H), 7.92-7.87 (m, 1H), 7.82 (d, J = 7.8 Hz, 1H), 7.60-7.43 
(m, 4H), 5.71 (dt, J1 = J2 = 7.0 Hz, 1H), 5.44 (d, J = 7.3 Hz, 1H), 4.77 (s, 2H), 1.70 (t, J = 
6.8 Hz, 3H). 13C NMR (62.9 MHz, CDCl3): δ 153.6, 137.9, 133.9, 130.7, 128.8, 128.4, 
126.5, 125.8, 125.2, 123.1, 122.2, 95.6, 74.4, 46.9, 21.3. IR (neat, cm-1): 3321, 2924, 
2360, 1716, 1509, 1232, 1113, 1050, 799, 775, 715. HRMS (ESI) ([M+H]+) Calcd. for 
C15H15Cl3NO2: 346.0163, Found 346.0167. 
 
 
2,2,2-Trichloroethyl-1-(naphthalen-2-yl)ethylcarbamate (5tg). 1H NMR (250 MHz, 
CDCl3): δ 7.86-7.77 (m, 4H), 7.53-7.42 (m, 3H), 5.39 (d, J = 7.3 Hz, 1H), 5.05 (dt, J1 = 
J2 = 7.0 Hz, 1H), 4.74 (q, J = 7.0 Hz, 2H), 1.62 (t, J = 6.8 Hz, 3H). 13C NMR (62.9 MHz, 
CDCl3): δ 153.7, 140.1, 133.3, 132.8, 128.6, 127.9, 127.6, 126.3, 126.0, 124.4, 124.2, 
95.5, 74.5, 51.1, 22.2. IR (neat, cm-1): 3312, 2359, 1708, 1522, 1239, 1086, 803, 746. 
HRMS (ESI) ([M+H]+) Calcd. for C15H15Cl3NO2: 346.0163, Found 346.0156. 
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Ethyl 2-phenyl-2-((2,2,2-trichloroethoxy)carbonylamino)acetate (5th). 1H NMR (250 
MHz, CDCl3): δ 7.45-7.29 (m, 5H), 6.01 (d, J = 8.0 Hz, 1H), 5.36 (d, J = 7.3 Hz, 1H), 
4.77-4.65 (m, 2H), 4.30-4.12 (m, 2H), 1.22 (t, J = 7.3 Hz, 3H). 13C NMR (62.9 MHz, 
CDCl3): δ 170.3, 153.5, 136.2, 129.0, 128.8, 127.1, 95.2, 74.7, 62.1, 58.1, 14.0. IR (neat, 
cm-1): 3355, 2979, 2360, 1724, 1498, 1208, 1092, 1043, 698. HRMS (ESI) ([M+H]+) 
Calcd. for C13H15Cl3NO4: 354.0061, Found 354.0057. 
General Procedures for Intramolecular C–H Amination with Carbonyl 
Azides . 4 Å molecular sieves (100 mg) were placed in a resealable Schlenk tube, and 
dried in an oven for 24 h. Catalyst (2 mol %) was placed in this tube, which was capped 
with a Teflon screwcap, evacuated, and backfilled with nitrogen. The screwcap was 
replaced with a rubber septum, and azide (0.1 mmol) was added via syringe. The tube 
was purged with nitrogen for 1 min. The rubber septum was replaced with a screwcap. 
The reaction was performed at 40 0C for 24h. After the reaction finished, the resulting 
mixture was purified directly by flash silica gel chromatography to give the product.  
 
O NH
O
Cl3C  
5-methyl-5-(trichloromethyl)oxazolidin-2-one (5df). 1H NMR (400 MHz, CDCl3): δ 
6.27 (s, 1H), 4.13-3.89 (m, 1H), 3.54 (d, J = 9.48 Hz, 1H), 1.92 (dd, J = 8.53, 6.93 Hz, 
3H). 13C NMR (100 MHz, CDCl3): δ 157.5, 103.0, 88.5, 49.2, 23.2. 
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O
 
5-methyl-5-(trichloromethyl)oxazolidin-2-one (5df). 1H NMR (400 MHz, CDCl3): δ 
7.47-7.29 (m, 5H), 6.10 (s, 1H), 5.11-4.85 (m, 1H), 4.73 (t, J = 8.64 Hz, 1H), 4.18 (dd, J 
= 8.53, 6.93 Hz, 1H).  
 
5.4. Conclusions 
In summary, we have built an azide library and tested the thermo-stability of 
serials of azides through cooperation. In addition, we successfully design and synthesized 
a group of porphyrin ligands that allow us to study the metalloradical cobalt porphyrin 
complexes catalyzed C–H amination reaction. The C–H amination reactions give both 
six- and seven-membered cyclophospamide in high yield under mild conditions without 
additive.  
The carbonyl C–H amination give two major products which reveal the potential 
of chemistry diversity azide C–H amination may provide. The reaction selectivity 
through different product with controlled selectivity is under study now. 
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X-ray Crystallography for compound 5ap. 
The X-ray diffraction data were collected using Bruker-AXS SMART-APEXII CCD 
diffractometer (CuKα, λ = 1.54178 Å). Indexing was performed using SMART 
v5.625. Frames were integrated with SaintPlus 6.01 software package. Absorption 
correction was performed by multi-scan method implemented in SADABS. The 
structure was solved using SHELXS-97 and refined using SHELXL-97 contained in 
SHELXTL v6.10 and WinGX v1.70.01 programs packages. All non-hydrogen atoms, 
were refined anisotropically. Hydrogen atoms were placed in geometrically calculated 
positions or found in the Fourier difference map (H1) and included in the refinement 
process using riding model.  
Crystal data and refinement conditions are shown in Table S1.  
 
Table S1. Crystal data and structure refinement for compound 5ap. 
Empirical formula                 
Formula weight                    
Temperature                       
Wavelength                        
Crystal system, space group       
Unit cell dimensions              
                               
                                  
Volume                            
Z, Calculated density             
Absorption coefficient            
F(000)                            
Crystal size                      
Theta range for data collection   
Limiting indices                  
Reflections collected / unique    
Completeness to theta = 67.56     
Absorption correction             
C16 H18 N O3 P 
303.28 
100(2) K 
1.54178 A 
Triclinic,  P-1 
a = 8.1176(7) A   alpha = 86.804(6) deg. 
b = 8.2044(7) A   beta = 88.979(5) deg. 
c = 11.2871(9)A  gamma = 76.988(5) deg. 
731.27(11) A^3 
2,  1.377 Mg/m^3 
1.755 mm^-1 
320 
0.10 x 0.10 x 0.03 mm 
3.92 to 63.66 deg. 
-9<=h<=9, -8<=k<=9, -13<=l<=13 
5704 / 2287 [R(int) = 0.0367] 
95.0 % 
Semi-empirical from equivalents 
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Max. and min. transmission        
Refinement method                 
Data / restraints / parameters    
Goodness-of-fit on F^2            
Final R indices [I>2sigma(I)]     
R indices (all data)              
Largest diff. peak and hole       
0.9492 and 0.8441 
Full-matrix least-squares on F^2 
2287 / 0 / 190 
1.078 
R1 = 0.0471, wR2 = 0.1131 
R1 = 0.0596, wR2 = 0.1198 
0.305 and -0.332 e.A^-3 
 
 
 
X-ray Crystallography for compound 5lp. 
The X-ray diffraction data were collected using Bruker-AXS SMART-APEXII CCD 
diffractometer (CuKα ,λ = 1.54178 Å). Indexing was performed using SMART 
v5.625 [1]. Frames were integrated with SaintPlus 6.01 [3] software package. 
Absorption correction was performed by multi-scan method implemented in 
SADABS [3]. The structure was solved using SHELXS-97 and refined using 
SHELXL-97 contained in SHELXTL v6.10 [4] and WinGX v1.70.01 [5,6,7] 
programs packages. All non-hydrogen atoms were refined anisotropically. Hydrogen 
atoms were placed in geometrically calculated positions or found in the Fourier 
difference map (H1N) and included in the refinement process using riding model. 
Occupancy parameters were refined for atoms of disordered CHCl3 molecule, 
resulting with 3 molecules of CHCl3 per unit cell.  
Crystal data and refinement conditions are shown in Table S2.  
[1] Bruker-AXS (2001). SMART-V5.625. Data Collection Software. Madison, 
Wisconsin, USA. 
[2] Bruker-AXS (2001). SAINT-V6.28A. Data Reduction Software. Madison, 
Wisconsin, USA. 
[3] Sheldrick, G. M. (1996). SADABS. Program for Empirical Absorption 
Correction. University of Gottingen, Germany. 
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[4]Sheldrick, G. M. SHELXTL, v. 6.10; Bruker-AXS Madison, Wisconsin, USA. 
2000. 
[5] Farrugia L.J. Appl. Cryst. (1999). 32, 837±838 
[6] Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122. 
[7] Sheldrick, G.M. (1990) Acta Cryst. A46, 467-473 
 
Table S2. Crystal data and structure refinement for compound 5lp. 
Empirical formula                 
Formula weight                    
Temperature                       
Wavelength                        
Crystal system, space group       
Unit cell dimensions              
                               
                                  
Volume                            
Z, Calculated density             
Absorption coefficient            
F(000)                            
Crystal size                      
Theta range for data collection   
Limiting indices                  
Reflections collected / unique    
Completeness to theta = 67.56     
Absorption correction             
Max. and min. transmission        
Refinement method                 
Data / restraints / parameters    
Goodness-of-fit on F^2            
Final R indices [I>2sigma(I)]     
R indices (all data)              
Largest diff. peak and hole       
C22 H30 N O5 P, 0.375(CHCl3) 
464.20 
100(2) K 
1.54178 A 
Monoclinic,  C2/c 
a = 17.2209(2) A   alpha = 90 deg. 
b = 11.0759(2) A    beta = 90.108(1) deg. 
c = 25.2187(4) A   gamma = 90 deg. 
4810.13(13) A^3 
8,  1.282 Mg/m^3 
2.432 mm^-1 
1966 
0.20 x 0.15 x 0.05 mm 
5.06 to 67.56 deg. 
-20<=h<=20, -13<=k<=13, -29<=l<=30 
18710 / 4240 [R(int) = 0.0297] 
97.4 % 
Semi-empirical from equivalents 
0.8881 and 0.6419 
Full-matrix least-squares on F^2 
4240 / 0 / 292 
1.080 
R1 = 0.0411, wR2 = 0.1074 
R1 = 0.0446, wR2 = 0.1095 
0.491 and -0.401 e.A^-3 
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X-ray Crystallography for compound 5zz 
 
 
Table S3. Crystal data and structure refinement for compound 5zz. 
Empirical formula  C9H15NO3  
Formula weight  185.22  
Temperature/K  298.15  
Crystal system  monoclinic  
Space group  P21  
a/Å  8.8283(5)  
b/Å  7.2117(4)  
c/Å  9.5001(4)  
α/°  90.00  
β/°  112.425(3)  
γ/°  90.00  
Volume/Å3  559.10(5)  
Z  2  
ρcalcmg/mm3  1.100  
m/mm-1  0.681  
F(000)  200.0  
Crystal size/mm3  0.2 × 0.1 × 0.1  
2Θ range for data collection  10.08 to 126.68°  
Index ranges  -9 ≤ h ≤ 10, -6 ≤ k ≤ 7, -11 ≤ l ≤ 11 
Reflections collected  3664  
Independent reflections  1481[R(int) = 0.0483]  
Data/restraints/parameters  1481/1/122  
Goodness-of-fit on F2  1.121  
Final R indexes [I>=2σ (I)]  R1 = 0.0694, wR2 = 0.1516  
Final R indexes [all data]  R1 = 0.0717, wR2 = 0.1553  
Largest diff. peak/hole / e Å-3 0.27/-0.47  
Flack parameter 0.0(14) 
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X-ray Crystallography for compound 5df. 
HN O
O
CCl3
  
 
Table S4. Crystal data and structure refinement for compound 5df. 
Empirical formula  C5H6Cl3NO2  
Formula weight  218.46  
Temperature/K  293(2)  
Crystal system  monoclinic  
Space group  P21/c  
a/Å  6.356(5)  
b/Å  6.610(5)  
c/Å  19.628(5)  
α/°  90.000(5)  
β/°  96.945(5)  
γ/°  90.000(5)  
Volume/Å3  818.6(9)  
Z  4  
ρcalcmg/mm3  1.773  
m/mm-1  1.065  
F(000)  440.0  
Crystal size/mm3  0.1 × 0.1 × 0.05  
2Θ range for data collection  4.18 to 49.92°  
Index ranges  -7 ≤ h ≤ 7, -7 ≤ k ≤ 6, -23 ≤ l ≤ 23 
Reflections collected  5444  
Independent reflections  1385[R(int) = 0.0536]  
Data/restraints/parameters  1385/0/104  
Goodness-of-fit on F2  1.017  
Final R indexes [I>=2σ (I)]  R1 = 0.0451, wR2 = 0.1159  
Final R indexes [all data]  R1 = 0.0645, wR2 = 0.1263  
Largest diff. peak/hole / e Å-3 0.51/-0.36  
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X-ray Crystallography for compound 3ad. 
  
 
Table S5. Crystal data and structure refinement for compound 3ad. 
Empirical formula  C28H26N4O8S2  
Formula weight  610.65  
Temperature/K  99.99  
Crystal system  monoclinic  
Space group  P21  
a/Å  6.7637(3)  
b/Å  26.7819(10)  
c/Å  7.4385(3)  
α/°  90.00  
β/°  90.204(2)  
γ/°  90.00  
Volume/Å3  1347.44(10)  
Z  2  
ρcalcmg/mm3  1.505  
m/mm-1  2.315  
F(000)  636.0  
Crystal size/mm3  0.12 × 0.1 × 0.03  
2Θ range for data collection  6.6 to 132.02°  
Index ranges  -7 ≤ h ≤ 7, -31 ≤ k ≤ 31, -8 ≤ l ≤ 7 
Reflections collected  14559  
Independent reflections  4430[R(int) = 0.0523]  
Data/restraints/parameters  4430/1/380  
Goodness-of-fit on F2  0.907  
Final R indexes [I>=2σ (I)]  R1 = 0.0399, wR2 = 0.1097  
Final R indexes [all data]  R1 = 0.0429, wR2 = 0.1126  
Largest diff. peak/hole / e Å-3 0.48/-0.49  
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X-ray Crystallography for compound 3ad. 
N
N
NH
HN
HN
HN
O
O
NH
NH
O
H
HH
H
MeO
OMe
MeO
OMe
COOtBu tBuOOC
tBuOOCCOOtBu
O
(R) (R)
(R)(R)
(R)(R)
(R) (R)
 
 
Empirical formula C92H112N8O19 
Formula weight 1633.89 
Temperature/K 100.15 
Crystal system orthorhombic 
Space group P212121 
a/Å 13.158(7) 
b/Å 13.511(7) 
c/Å 52.32(3) 
α/° 90 
β/° 90 
γ/° 90 
Volume/Å3 9302(8) 
Z 4 
ρcalcmg/mm3 1.167 
m/mm-1 0.012 
F(000) 3488.0 
Crystal size/mm3 0.1 × 0.07 × 0.06 
2Θ range for data collection 2.254 to 28.48° 
Index ranges -6 ≤ h ≤ 15, -14 ≤ k ≤ 16, -55 ≤ l ≤ 61 
Reflections collected 35904 
Independent reflections 13823[R(int) = 0.0728] 
Data/restraints/parameters 13823/54/1103 
Goodness-of-fit on F2 1.046 
Final R indexes [I>=2σ (I)] R1 = 0.0922, wR2 = 0.2387 
Final R indexes [all data] R1 = 0.1100, wR2 = 0.2508 
Largest diff. peak/hole / e Å-3 0.43/-0. 
 
